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Abstract 
This thesis is concerned with experimental investigations of non-conventional tube 
bundles in steady and pulsating cross-flow of water. LDA and flow visualisation 
were used to study the velocity and vortex shedding characteristics of three tube 
bundles, two in-line arrays with elliptic and drop-shaped tubes respectively and an 
asymmetric array with circular tubes. A thermocouple heat transfer measurement 
technique was developed to determine surface temperature mea, ifements in the 
asymmetric and in-line arrays with circular and elliptic cylinders respectively. 
The results showed that the in-line array with elliptic cylinders of axis ratio 1: 2 is 
characterised by low turbulence and poor lateral mixing compared to circular 
cylinder arrays. A weak flow periodicity rows with a constant Strouhal number of 
0.11 was detected in downstream rows. The occurrence of lock-on of the natural 
vortex shedding at half of the superimposed pulsation frequency was observed in all 
rows. The flow visualisation study confirmed the lack of any significant vortex 
activity behind the first row and the occurrence of lock-on of the natural vortex 
shedding at half of the superimposed pulsation frequency. 
The results of the investigation on the asymmetric tube array with circular cylinders 
indicated that the configuration studied generates less turbulence than a staggered 
array (with the same longitudinal and transverse spacing) with circular cylinders. A 
vortex shedding activity was detected, but it was not as well defined as in the in-line 
arrays with elliptic and circular cylinders respectively. The Strouhal number was 
found to be approximately equal to 0.22 in inner rows. The only significant effect of 
the pulsations on the turbulence of the flow was observed in the wake of the first 
cylinder. The flow visualisation study confirmed the findings of the LDA 
measurements and in particular the lack of a well-defined and unique vortex 
shedding frequency. 
The study on the flow around the in-line array with drop-shaped cylinders showed 
that differences of turbulence levels between the in-line arrays with elliptic and drop- 
i 
Abstract ii 
shaped cylinders respectively can be observed only in the cylinder wakes, 
particularly behind the first one. A vortex shedding activity could be observed behind 
all rows, but a well defined vortex shedding frequency was detected only 
downstream of the second one. The Strouhal number was found to be equal to 0.16 in 
inner rows. The only significant effect of the pulsations on the turbulence of the flow 
was observed behind the first cylinder, as in the in-line and asymmetric arrays with 
elliptic and circular cylinders respectively. Lock-on of the natural vortex shedding at 
either the superimposed pulsation frequency, or at half of its value - depending on the 
reduced amplitude of pulsations upstream of the tube bundle - was observed. 
An experimental investigation was carried out on the heat transfer over circular and 
elliptic cylinders of an asymmetric and in-line array respectively in both steady and 
pulsating flow. The results showed that the heat transfer rates in the asymmetric 
array in steady flow are low around the first row cylinder and they increase in 
subsequent rows. The heat transfer rates at the exit of the bundle, that is row 6, are 
also similar to the rates measured in row 2. A comparison of the heat transfer rates 
between steady and pulsating flow clearly shows that the heat transfer is enhanced 
when the flow is pulsed. The flow conditions adopted were such that vortex shedding 
was promoted and locked at the pulsation frequency. The study on the in-line array 
with elliptic cylinders indicated that the heat transfer rates are low around the first 
row cylinder and they increase in subsequent rows. The heat transfer augmentation 
due to pulsations increases with the relative amplitude of pulsations A. as already 
observed in the asymmetric array. Finally, it was found that the heat transfer of the 
in-line array is considerably lower than that of the staggered array in all rows. 
The results indicated that both the tube arrangement and tube shape affect 
significantly the vortex shedding characteristics of the tube bundle. The 
superimposition of a sinusoidal periodic component onto the approaching flow 
caused the vortex shedding frequency to lock on at the pulsation frequency or its 
sub-harmonics on all the arrangements investigated. Lock-on modified the flow and 
turbulence in the wakes of the cylinders and also increased the heat transfer in the 
arrays. 
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Roman characters 
a semi-long axis of the elliptic cylinders, m 
A cylinder heat transfer area, m2 
A. relative amplitude of pulsation 
b semi-short axis of the elliptic cylinders, m 
bo laser beam diameter, m 
b,, laser beam waist at 1/e2 intensity, m 
bx diameter of measuring volume, m 
by length of measurement volume, m 
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dp particle diameter, m 
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d* characteristic length, m 
e 2.718... 
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H height of test sections, m 
I electric current through the cartridge, A 
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kc thermal conductivity, Wm''K'' 
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LF vortex formation length, m 
n number of line in grating 
N number of cycles in a signal burst; also number of transverse rows in a tube 
bundle 
Na rotational speed of diffraction grating, Hz 
Na, P. anticlockwise and clockwise shed vortices respectively; n is an integer 
which indicates the order of succession of vortices 
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sequence of frames (a); n is an integer which indicates the order of 
succession of vortices 
Nob, Pob anticlockwise and clockwise shed vortices respectively relative to the 
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succession of vortices 
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sequence of frames (b); n is an integer which indicates the order of 
succession of vortices 
Q electrical power dissipated in the cartridge heater, W 
s line spacing of the diffraction grating, m 
Sk skewness of velocity p. d. f. 
SL longitudinal spacing, m 
ST transverse spacing, m 
SL centre-to-centre diagonal distance between two cylinders in adjacent 
transverse rows, m 
t,, t, observation time relative to the frame sequences (a) and (b) respectively, s 
T vortex shedding period, s; also time taken by a particle to travel the 
distance A. ý (fringe spacing), s 
T, surface temperature, K 
Tu turbulence intensity 
T. bulk temperature, K 
u instantaneous velocity in x-direction, ms'' 
u' r. m. s. velocity in x-direction, ms'' 
unm maximum r. m. s. velocity on the wake centreline, ms'1 
uP r. m. s. velocity in x-direction under pulsating flow conditions, ms" 
u', r. m. s. velocity in x-direction under steady flow conditions, ms'' 
u'PS r. m. s. velocity in x-direction measured upstream of the bundle at a 
reference location, ms" 
U mean velocity in x-direction, ms"' 
Ufs freestream velocity, ms's 
Us gap velocity, ms-1 
UU instantaneous oscillatory velocity component, ms 
U id, velocity component of particle crossing the measuring volume, m 
UPa instantaneous pulsating velocity component, ms" 
us settling velocity of a spherical particle, ms"' 
U* characteristic velocity, m/s 
U. upstream bulk velocity, ms'' 
V radial mean velocity in y-direction, ms's; also voltage, V 
VV streamwise vortex velocity, ms'' 
Vk4 thermocouple amplified signal, arbitrary units 
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v' radial r. m. s. velocity in y-direction, ms'1 
V9 up r. m. s. velocity in y-direction measured upstream of the bundle at a 
reference location, ms" 
W lateral spacing between vortices, m; also test section width, m 
x, y, z co-ordinates in three orthogonal directions, m 
xC distance downstream from the centre of the cylinder along the centreline, m 
x;, y;, zi cylinder local co-ordinates in three orthogonal directions, m 
Zc function of confidence level 
91 wavenumber, m" 
Abbreviations 
2-D 2-dimensional 
CNC computer numerically controlled 
CCD charge-coupled device 
d. c. direct current, A 
DC downstream cylinder 
FFT fast-Fourier transform 
LDA laser Doppler anemometry 
PSD power spectral density 
p. d. f. probability density function 
M. S. root mean square 
UC upstream cylinder 
Greek symbols 
cc angle of attack, ° 
AU amplitude of pulsation, m/s 
prN duration of a number N of cycles in a signal burst, s 
E reduced amplitude of flow pulsations 
cc timing error 
0 angle of intersection of laser beams, ° 
wavelength, m 
fringe spacing, m 
v kinematic viscosity of the fluid, m2s''; also frequency, Hz 
VC Nyquist frequency, Hz 
vd Doppler frequency, Hz 
v= frequency shift, Hz 
VT clock frequency shift, Hz 
PP particle density, kg/m3 
p fluid density, kg/m3 
(Tb r. m. s. due to broadening contribution, ms' 
Qd total measured r. m. s., ms' 
Qf r. m. s. broadening contributions due to small scale velocity fluctuations 
within the measurement volume, ms" 
CF9 r. m. s. broadening contributions due to velocity gradient, ms'1 
Nomenclature xi 
Q; r. m. s. broadening contributions due to finite instrument bandwidth, ms" 
Qt r. m. s. broadening contributions due to finite transit time, ms'' 
Qv r. m. s. due to the flow turbulence, ms'' 
9 angular distance from front stagnation point, ° 
(Pk angle of beams emerging from diffraction grating, ° 
Dimensionless numbers 
Le Lewis number 
Nu Nusselt number 
Nup Nusselt number in pulsating flow 
Nu, Nusselt number in steady flow 
Num mean Nusselt number 
Re Reynolds number 
Sh Sherwood number 
St Strouhal number 
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Tube bundles are found in the nuclear and process industries, and are the most 
common geometry used in heat exchangers. These heat exchangers consist normally 
of a bundle of tubes contained within a cylindrical cell. The efficiency and 
performance of such heat exchangers depends on the fluid flow and heat transfer 
characteristics of the tube bundle, which in turn depend on the geometry of the tube 
bundle, that is the arrangement of the tubes, and the flow conditions. 
Fouling of heat exchangers is an important constraint with respect to the use of such 
equipment. It increases the heat transfer resistance and therefore causes the efficiency 
of such apparatus to drop. In the worst case fouling leads to total failure of the heat 
exchanger with probably enormous economical consequences. The most common 
type of fouling encountered in heat recovery systems is gas-side particulate fouling, 
meaning that particulate matter present in the gas stream deposits on the heat transfer 
surface. 
Flow periodicities are also present in tube bundles which may incite tube vibrations. 
Four excitation mechanisms have been identified: turbulent buffeting, vorticity 
shedding, fluid elastic instability and acoustic resonance. The first two mechanisms 
are relevant to the present work. Vortex shedding excitation is attributed either to 
shed vortices or to instabilities of the flow between tubes. The problem of flow 
induced vibration is handled empirically in industry. The approach involves the 
mismatching of the vortex shedding frequencies and the tube natural frequencies or 
the acoustic natural frequencies of the heat exchanger shell. An exhaustive review on 
flow-induced vibration can be found in Paidoussis (1983) and Weaver and 
Fitzpatrick (1988). 
1 
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A great amount of effort has been directed towards effective ways of enhancing heat 
transfer. Both active (flow perturbations) and passive methods (asymmetric and non- 
circular tube arrangements) of heat transfer augmentation and minimisation of heat 
exchanger fouling are investigated. Results in the published literature suggest that 
flow perturbations can lead to increased heat transfer rates while a rearrangement of 
the tubes or a redesign of the tube shape, can lead to reduced deposition rates 
(Bergeles et al, 2000). 
This thesis is concerned with experimental investigations of unconventional tube 
bundles in steady and pulsating cross-flow of water. Three configurations were 
investigated: two in-line arrays with elliptic and drop-shaped tubes respectively and 
an asymmetric array with circular tubes. The work is mainly concerned with the 
velocity characteristics of tube bundle flows which were quantified by laser Doppler 
anemometry. Laser sheet flow visualisation was also employed to provide qualitative 
information on the flows under investigation and a thermocouple heat transfer 
measurement technique was developed to determine surface temperature. 
The present study is an extension of a previous experimental work by Balabani 
(1996) on the flow characteristics in conventional tube bundles and is part of an on- 
going research programme carried out at King's College London on heat exchanger 
tube bundle flows. The objectives of the present experimental work are to study the 
effects of asymmetric tube arrangements and non-circular tubes under steady and 
pulsating flow conditions on the flow and heat transfer characteristics of cylinder 
arrays. 
Finally, the data collected were used to validate the numerical models developed as 
part of the research program for the prediction of the flow and heat transfer in the 
geometries investigated. 
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1.2 Literature review 
Most of the published literature deals with flows in conventional tube bundles, that 
is, tube bundles with circular cylinders arranged either in an in-line or a staggered 
configuration. In the first arrangement the tubes are aligned to the direction of the 
upstream velocity and in the second one they are staggered in alternating rows 
(Figure 1.1). Both configurations have a symmetrical arrangement of the tubes. The 
parameters that describe the geometry of such arrays are the tube diameter, d, the 
transverse, ST, and longitudinal, SL, spacings between tubes. On the ground of 
dimensional analysis and geometric similarity these three parameters are grouped into 
two others (non-dimensional spacings): ST/d, and SL/d 
Only in recent years, tube bundles with streamlined tubes (tubes with a cross section 
whose eccentricity, e', is different from zero, or equally, whose axis ratio, b/a, is 
different from one) as well as tube bundles with asymmetric arrangements of the 
tubes have been considered for cross-flow heat exchangers. 
This chapter provides a review of the most pertinent literature on the flow and heat 
transfer phenomena in tube bundles as an exhaustive review of all related works 
cannot be given. 
Although this thesis is concerned with unconventional tube bundles, a brief account 
of the main characteristics of the flow past a single cylinder is given as it helps to 
understand more complicated flows as in tube bundles. The flow and heat transfer in 
conventional tube bundles is also briefly reviewed for comparison. 
1.2.1 Single cylinder in cross-flow 
The regimes of the flow past a single cylinder can be mainly characterised in terms of 
the range of Reynolds numbers in which they occur. Balabani (1996) summarised the 
1e= (1-b2/a2)"2, where a and b are the semi-long and semi-short axis of the elliptic cylinder 
respectively. 
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different flow regimes that have been identified for different Re according to the 
corresponding boundary layer behaviour. 
Re < 1.0 The inertia forces are negligible and the flow is potential in 
nature. 
2.0 < Re 30 Two symmetrical vortices are formed behind the cylinder and the 
flow is laminar and steady. The vortices become more elongated 
with increasing Re. 
40 < Re < 70 A periodical oscillation of the wake is observed. 
90 < Re < 300 Vortices are shed periodically and alternately from each side of 
the wake, forming two rows of vortices. 
Re > 300 The subcritical regime is established characterised by boundary 
layer separation at about 80°-85° from the front stagnation point. 
The cylinder wake is larger than the cylinder diameter (Roshko, 
1961). 
Re > 200,000 A transition of the boundary layer from laminar to turbulent 
(critical Re) occurs. This regime is characterised by laminar separation 
bubbles followed by turbulent reattachment and delayed final 
separation (1400). 
At higher Re the supercritical regime is established, characterised by the fact that 
transition occurs closer to the front stagnation point and the separation moves 
upstream. For Re > 3.5 x 106 transition occurs so close to the front stagnation point 
that the flow is independent of Re. This regime is known as transcritical regime. 
The transition between the different flow regimes in real flows depends on several 
parameters such as the free-stream turbulence, blockage ratio, surface roughness, 
cylinder aspect ratio (length/diameter) and so on. 
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Numerous investigations are concerned with the fluid dynamics, flow periodicities 
and geometrical characteristics of the cylinder near-wake (Gerrard, 1966; 
Williamson, 1996). The near wake flow of a cylinder in the subcritical regime can be 
characterised by four characteristic lengths, all depending on the Reynolds number: 
the length of the separated laminar shear layer, the vortex formation length, the 
length of the recirculation bubble and the diffusion length. The vortex formation 
length is defined as the "distance downstream of the cylinder axis to a point where 
the r. m. s. velocity fluctuations are maximised on the wake centreline" (Williamson, 
1996). It is an indication of the distance at which the first vortex appears. Gerrard 
(1966) has shown that the vortex formation length is a relevant length scale for the 
distribution of fluctuating velocity close to the body. The vortex that is formed on 
one side of the cylinder is continuously fed by the circulation from the shear layer 
until it becomes strong enough to draw the opposite shear layer into the wake. The 
approach of vorticity of opposite sign may cut off further supply of circulation to the 
vortex, which ceases to increase in strength. Gerrard suggests that this stage 
corresponds to the actual shedding of the vortex. The diffusion length is defined as 
the thickness (Gerrard, 1966) of the shear layer at the end of the formation region 
where the layer is drawn across the wake. 
For Re ranging between 50 and 106, and even for higher values, vortices are shed 
periodically and alternatively from each side of the cylinder as a result of the 
interaction between the separating shear layers, base pressure, diffusion and 
distribution of vorticity through the flow field (Konstantinidis, 2001). As a 
consequence of the shedding of vortices, low-pressure zones are generated on the 
downstream side of the cylinder. These alternating zones cause the body to move 
towards the low-pressure zone perpendicularly to the direction of the flow. The 
nature of the vortex shedding can be disruptive when the natural shedding frequency, 
f,,,, matches the resonant frequency of the cylinder. It should be noted that the 
oscillations excited by the vortex shedding on a flexible and lightly damped, or rigid 
and flexibly mounted bluff body are usually transverse to the direction of the 
oncoming flow as the generated lift force is larger than the drag force. 
It was Strouhal (1878) who discovered the systematic process of vortex shedding for 
flow past a single cylinder. By scaling the shedding frequency with the free stream 
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velocity and the cylinder diameter, he established a non-dimensional flow parameter 
that identifies consistent physics downstream of the cylinder over a broad range of 
Reynolds numbers. This fundamental parameter, widely known as the Strouhal 
number, and its validity for specific combinations of flow and geometric conditions 
has been under investigation for well over 100 years (Snarski and Jordan, 2001). In 
the subcritical range, the Strouhal number, St (= ff d*/U*, where d* is the 
characteristic length of the cylinder and U* the characteristic velocity of the 
oncoming flow), remains at an almost constant value of 0.2, which implies a linear 
relationship between the vortex shedding and the velocity. The relative constancy of 
the Strouhal number is attributed (Gerrard, 1966) to the fact that the two major 
frequency-determining factors (vortex formation length and diffusion length) tend to 
change the frequency in opposite directions as the Reynolds number is altered. When 
the free-stream turbulence is increased at constant Re, the vortex formation length 
decreases, but the diffusion length presumably increases to such an extent that the 
two opposite effects balance. 
Vortex shedding can be dramatically changed when a cylinder is oscillating in a 
steady flow or, equally, when the flow past a rigid cylinder has an oscillatory 
component. In fact, for certain ranges of amplitude and frequency of the oscillations, 
the cylinder motion or the oscillating flow can take control of the instability 
mechanism and consequently of the frequency of the vortex shedding. This 
coincidence or resonance of the vortex and vibration frequencies is commonly 
termed "lock-on", "lock-in" or "synchronisation". 
Vortex excited oscillations have a tremendous engineering significance. They could 
result in large aerodynamics forces and induced stresses, increased fatigue or even 
lead to structural damage or have destructive consequences. 
1.2.2 Conventional tube bundles in cross-flow 
Numerous experimental studies have been carried out on the fluid flow and heat 
transfer in conventional tube bundles due to their wide applications in heat 
exchangers. Conventional tube bundles used in practical applications of heat 
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exchangers have two generic configurations: in one, circular cylinders are arranged 
in-line with the flow direction and in the other, they arc staggered in alternating 
rows. By displacing one or more cylinders in either direction or adopting cylinders of 
non-circular shape more complex configurations, here termed "unconventional", can 
be produced. 
Flow regimes 
The cross-flow around a cylinder inside a bundle can be significantly different from 
that around an isolated cylinder due to the interference from the adjacent cylinders. 
Furthermore, the interference flows may become more complex as the number of 
cylinders in cross-flow increases. However, various flow regimes can be identified in 
tube bundles in cross-flow depending on the Reynolds number. The transition 
between these regimes depends on the arrangement, geometrical parameters of the 
tube bundle and the roughness of the tubes. Table 1.1 summarises the different flow 
regimes distinguished by 2ukauskas (1989). 
Table 1.1. Summary of flow regimes identified in tube bundles in cross-flow. 
Flow regime Re 
predominantly laminar Re < 1,000 
mixed or subcritical Re < 200,000 
predominantly turbulent or critical Re > 200,000 
supercritical flow Re > 400,000 
Flow periodicity 
As previously mentioned, flow induced vibration in tube bundles may be excited by 
one or more of the following mechanisms: 1. turbulent buffeting (or simply 
turbulence), 2. vorticity shedding (or Strouhal periodicity), 3. fluid elastic instability 
and 4. acoustic resonance. 
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The buffeting refers to unsteady forces developed on a body exposed to a highly 
turbulent flow. Weaver and Fitzpatrick (1988) observed in fact that the tubes in a 
tube-and-shell heat exchangers act as generators of turbulence, and, consequently, at 
all practical Re, they will be subjected to broad band turbulent buffeting, that is 
random fluctuating forcing. The action is one way, from fluid to solid cylinder, and 
the amplitude of the incited vibrations is small and rarely built up to large amplitudes 
(Moretti, 1993) 
Vortex shedding refers instead to the fact that even when a cylinder is exposed to a 
uniform, non-turbulent oncoming flow, the cylinder wake develops an instability 
leading to fluctuating lift and drag forces on the body (Savkar, 1977). The vorticity 
shedding excitation was found to originate from alternate vortex shedding occurring 
in the first rows of staggered arrays (Weaver et al, 1991,1993) and symmetrical or 
anti-symmetrical jet instabilities in in-line arrays (Ziada and Oengören, 1991). 
Weaver and Fitzpatrick (1988) define the Strouhal periodicity as "a narrow band 
(essential periodic) phenomenon that occurs at a constant Strouhal number". It should 
be noted that the possibility of vortex shedding in closely spaced tube arrays has been 
a subject of debate for several years. For example, Fitzpatrick and Donaldson (1980) 
found a transitional nature of the turbulence beyond the fourth row in in-line arrays. 
This transition was attributed to the existence of a buffeting frequency in tube banks, 
according to the theory of Owen (1965), who argued that vortex shedding could not 
occur deep inside closely spaced tube arrays. 
Ziada and Oengören (1991) tested an in-line tube array with circular tubes and 
intermediate tube spacings in both a wind and water tunnel in order to reveal the 
nature of the vorticity shedding excitation. Measurements were taken behind the 
second and third rows. Velocity fluctuations seemed to occur at a well-defined 
(single) frequency, which decreased linearly as the gap velocity decreased. The 
correspondent Strouhal number of the flow periodicity in both cases (air and water) 
was similar and equal to St = 0.15. This led the author to the conclusion that the 
nature of the flow instabilities must be the same for both cases. This value is 
substantially lower than those given by Fitz-Hugh (1973) and Chen (1984), that are 
0.24 and 0.28 respectively, although Chen's chart gives an additional subharmonic 
component of 0.14. Ziada and Oengören argue that the disagreement is due to the fact 
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that both Fitz-Hugh and Chen's charts were obtained from acoustic resonance cases, 
whose corresponding Strouhal number differs from the one of the flow periodicity. 
Rae and Wharmby (1987) constructed a Strouhal chart based on non-resonant data 
which gave value of St = 0.15, much closer to the one obtained by Ziada and 
Oengören. The same authors argued that a direct comparison with charts (see Weaver 
et al (1987)) relative to standard in-line geometries (square in-line arrays) are not 
possible. 
A large amount of published Strouhal number data exists for various tube bundle 
geometries (Chen, 1977; Weaver et al, 1987; Oengöeren and Ziada, 1995). However, 
St is strongly dependent on the tube arrangement, the spacing between tubes, the 
Reynolds number, the location within the array and even the tube shape. Armstrong 
et al (1986) investigated the flow over three bluff bodies of different shape: a circular 
cylinder, a D-shaped cylinder, with front face flat, and a flat plate. The cylinders were 
horizontal and perpendicular to the free-stream direction. Both the Strouhal number 
and the base pressure were evaluated. Their variation with Reynolds number was 
negligible. The Strouhal number for the circular cylinder was approximately equal to 
0.21 and higher than for the flat and D-shaped tubes, St = 0.16 and 0.15 respectively. 
Furthermore, there is evidence of multiple Strouhal numbers for certain arrays. 
Consequently, the scatter in the published data is considerable. 
Velocity measurements 
A brief account of the velocity characteristics in cylinder arrays is given below. A 
more extensive review can be found in Balabani and Yianneskis (1996), Balabani 
(1996) and Lukauskas (1972). As Konstantinidis (2001) has noted, probably the most 
complete published study of the mean and fluctuating velocity fields in cylinder 
arrays is that of Balabani and Yianneskis (1996). They studied an in-line (SL/d x 
ST/d = 2.1 x 3.6) and two staggered arrays (SL/d x ST/d = 2.1 x 3.6 and SL/d x ST/d 
= 1.6 x 3.6) in water cross-flow. They found that the staggered array produces higher 
turbulence levels and the flow develops in fewer rows than in the in-line array with 
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the same spacing. The staggered array with larger longitudinal spacing showed lower 
r. m. s velocities and longer recirculation regions. 
Halim and Turner (1986) studied the velocity characteristics of a normal triangular 
array. They found that the flow is fully developed after the third row. A pronounced 
recirculation was observed behind the first row with negative velocities up to 40% of 
the mean velocity within the bank. The mean recirculation region extended one 
diameter downstream of the centre of the first row. 
Heat transfer 
An extensive review of the earlier work on the heat transfer from arrays in cross- 
flow, including the case of a single cylinder can be found in Lukauskas (1972). 
The variation of the heat transfer around a tube in a bundle is determined by the flow 
pattern, which in turn depends strongly on the arrangement and number of tubes. 
Furthermore, it greatly depends on the Reynolds number and on the physical 
properties of the fluid. 
Lukauskas (1972) compared the heat transfer variation in inner rows of in-line and 
staggered arrangements with that of a single cylinder. In both arrays a higher 
turbulence intensity in the flow causes the heat transfer to increase at the front and at 
rear part of the cylinder. 
The heat transfer around a cylinder in the first row of a staggered array resembles that 
of a single cylinder. As the fluid flows through the first row it is disturbed. The heat 
transfer in downstream rows increases up to the third one, downstream of which no 
further increase is observed. 
The same author compared published experimental data for the staggered and in-line 
arrangements. The comparison showed that at low Re the heat transfer in the in-line 
array is significantly lower than that in the staggered one. The heat transfer of both 
arrays increases with Re, but that in the in-line array increases more rapidly and at 
high Re approaches the heat transfer intensity of the staggered array. 
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The free stream turbulence was also found to increase the heat transfer, mainly in the 
first rows where the heat transfer coefficient increases with Re and turbulence level 
(Stephan and Traub, 1986; Traub, 1990). The increase was found to be more 
pronounced in in-line arrangements than in staggered ones. 2ukauskas (1972) 
observed also a significant increase of the heat transfer in the transition from 
subcritical to critical flow. No effect of surface roughness on heat transfer was 
instead observed in subcritical and transcritical regimes, as while the roughness 
reduces the critical Re it anticipates the heat transfer enhancement at lower Re. An 
increase of the heat transfer was instead detected in the critical and supercritical 
regimes. This was more pronounced in the staggered arrangement. 
1.2.3 Flow and heat transfer in unconventional tube bundle 
geometries. 
Both the asymmetric array with circular tubes and the in-line ones with elliptic and 
drop-shaped tubes respectively investigated in the present work are novel and 
therefore there are very few relevant publications which are discussed below. 
Effect of the shape of the tubes 
The advantages of adopting a streamlined configuration can be significant. It has 
been found, for instance (Ota et al, 1984), that elliptic-shaped tubes have a drag 
coefficient, which, at small angles of attack, is lower than that of a circular cylinder. 
As a result, heat exchangers with such tubes will require less pumping power on the 
shell-side. Moreover, for a given pumping power requirement the overall design of a 
tube bundle with elliptic tubes is expected to be more compact. 
Modi and Wiland (1970) studied experimentally the aerodynamics of a set of two- 
dimensional elliptic cylinders with eccentricity of 0.8 and 0.6 respectively, at various 
angles of attack. The Reynolds number based on the major axis of the ellipse and the 
freestream velocity, UfS, ranged from 20,000 to 100,000. Data on Strouhal number, 
unsteady pressures and wake geometry were presented as a function of the angle of 
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attack during static conditions of the models. For the thicker ellipse (of eccentricity, 
e, equal to 0.6) a slow rise in the projected height of the cylinder, h2 (see Figure 11), 
with a small drop in shedding frequency led to an almost uniform Strouhal number in 
the Reynolds range investigated. On the other hand, for the thinner ellipse the very 
sharp drop in shedding frequency offset the relatively greater rise in projected height 
thus leading to a decrease in Strouhal number. Basing the Strouhal number on the 
projected height of the cylinder, h, appeared to reduce its dependence on the angle of 
attack. 
Modi and Dikshit (1974) studied the near wake aerodynamics of two-dimensional 
elliptic cylinders with eccentricities, varying from 0.44 to 0.98, at various angles of 
attack. Four elliptic cylindrical models were arranged side by side. The Reynolds 
number was 68,000 (Re = Ufa 2a/v, v being the kinematic viscosity of the fluid). 
Wake geometry characteristics, such longitudinal spacing (L), vortex velocity (V), 
lateral spacing (W), wake geometry ratio, (W/L), and vortex formation length were 
determined from measurements of the fluctuating pressure of the field associated 
with the vortex shedding from the elliptic cylinders. 
The recorded r. m. s. values of the pressure signal gave a set of curves, each having 
two peaks near the vortex centreline. The distance between these maxima, at a given 
downstream station, was taken to be a measure of the lateral spacing, W, between the 
two rows of vortices at that station. The location of the peak fluctuation was taken 
approximately as the position of the vortex core. The longitudinal spacing between 
consecutive vortices, L, showed an increase with increasing the angle of attack, the 
larger change being associated with high eccentricity ellipses; that is, at a given 
station, L increases, as the cylinder becomes more slender. The vortex velocity, V,, 
was deduced from the relation, V =Lx ff, with L being the longitudinal spacing 
and ff the natural vortex shedding frequency respectively. Although V, showed a 
similar trend to the longitudinal spacing, it was found to depend less on the cylinder 
eccentricity. It is apparent that for zero angle of attack, a=0, the wake width, W, 
was found to diminish with increasing the cylinder eccentricity; however, the wake 
2h= 2(a2sin2a + b2cos2a)"2, where a and b are the semi-long and semi-short axis of the elliptic 
cylinder respectively and a is the angle of attack. 
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geometry ratio (W/L) increased suggesting a greater reduction in longitudinal 
spacing. 
Finally, although a decrease in the eccentricity showed a slight increase of the 
formation length no conclusive remarks on the effect of eccentricity at a given angle 
of attack were made. 
Ota et al (1983) investigated the heat transfer characteristics of an elliptic cylinder 
with an axis ratio of 1: 2. The working fluid was air and the Reynolds number ranged 
from about 5,000 to 90,000. The angle of attack was varied from 0° and 90°. The Re 
number range tested fell within the subcritical regime number region and as a result 
the heat transfer coefficient showed no substantial change with Re. 
The results for a=0 showed clear symmetry of the local Nusselt number distribution 
on the upper and lower surfaces of the cylinder around its centreline at all the Re 
numbers investigated. Nu attains the highest value at the leading edge and decreases 
steeply as a laminar boundary layer develops on the upstream face. In the separated 
flow region, Nu, increases again with downstream location and reaches a relative 
maximum at the trailing edge. At very low Reynolds numbers Nu shows no essential 
change therein, probably due to a very stagnant flow in the near wake. 
The mean Nusselt number over the whole circumference of the elliptic cylinder was 
estimated by a graphical integration and was found to increase linearly with the 
Reynolds number in logarithmic scale at all angles of attack studied. In order to 
compare the heat transfer characteristics of the elliptic cylinder with that of a circular 
one the diameter of a circular cylinder of equal circumferential length was selected as 
a suitable characteristic length for both Re and Nu. 
The empirical formula of Hilpert was used to calculate the mean Nusselt number for 
a circular cylinder in the region 4,000 - 40,000. Even the lowest value of the mean 
Nusselt for an elliptic cylinder was found to be higher than that for the circular 
cylinder. Therefore the elliptic cylinder of axis ratio 1: 2 exhibited a superior heat 
transfer performance. 
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Ota et al (1986) investigated the local and overall heat transfer characteristics of two 
elliptic cylinders of axis ratio 1: 2 in tandem arrangement. The working fluid was air 
and the Reynolds number based on the major axis of the tubes, 2a, ranged from 
15,000 to 80,000. The angle of attack was varied from 0° to 90° and the transverse 
spacing, St., from 1.25 to 4.00 times the major axis of the cylinders. 
It was noted that the local Nu distribution showed no essential dependence upon the 
Reynolds number in the range investigated. It was also observed that for c(= 0°, the 
local Nusselt number on the upstream surface of the upstream cylinder (UC) exhibits 
no dependence on ST/2a. On the other hand, it was strongly affected by the cylinder 
spacing in the downstream separated region. Nu increased with increasingly ST/2a 
from 1.25 to 1.5, then decreased discontinuously up to ST/2a = 2.00. A further 
increase of the cylinder spacing did not bring any essential change in the Nu 
distribution. This sudden variation was attributed to the jumping-phenomena, that is, 
when the spacing between the cylinders is large enough (critical spacing), a vortex 
street is formed behind the upstream cylinder producing a higher heat transfer rate 
therein. A similar, but greater sudden variation of the local Nusselt number was 
observed for the downstream cylinder (DC), whose Nu varies remarkably on the 
whole of the cylinder surface with the cylinder spacing. It is interesting that the 
sudden change of the local heat transfer rate of the DC occurred between ST/2a = 
2.00 and 2.5, that is, at higher values than for the UC. 
Merker and Hanke (1986a) measured both the mass transfer coefficients and the 
static pressure distribution along the shell-side of oval-shaped tubes in cross-flow 
heat exchangers. Two staggered arrays were investigated. Both arrays had a 
transverse pitch ratio, S112b, equal to 2.63 and longitudinal pitch ratios, Sv2a, equal 
to 1 and 0.67 respectively. The axis ratio of the tubes was about 4: 1. The working 
fluid was air and the Reynolds number ranged from 19,890 to 26,000. The heat 
transfer coefficients were determined with the aid of the analogy between heat and 
mass transfer. The velocity distribution along the arclength was determined from 
static pressure measurements using Bernoulli's equation. 
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It was observed that for the bank with S, 12a = 1.00 the velocity profiles at all rows 
were quite similar to that of a single cylinder. Furthermore the location of the 
separation point did not change significantly from row to row. However, in the bank 
with SJ2a = 0.67 the velocity profiles in the first two rows differ substantially and 
were characterised by late and early separation respectively. The velocity profiles for 
the third and sixth row were found to be similar indicating that the flow becomes 
fully developed after the third row. 
The local Nusselt number (Nu) distributions along the arclength of the first and sixth 
rows showed that there was good agreement between the Nusselt distribution of a 
single cylinder and that of the first tube of the bank with S, /2a = 1.00. The 
distributions showed an exponential decrease of Nu from the front edge of the 
cylinder to the rear one. 
In a following paper (1986b) the same authors reported mass transfer and pressure 
drop measurements on staggered tube banks with oval-shaped tubes having 
longitudinal and transverse pitch ratios in the range of 0.67 - 1.00 and 1.97 - 3.16 
respectively. Measured mass transfer coefficients, expressed in terms of a Sherwood 
number, were calculated for each row and converted into Nu numbers using the 
analogy between heat and mass transfer (Nu = Sh x Le"). Measurements were taken 
for Re in the range of 1,390 to 42,740 in the tube bank with S, J2a = 1.00 and ST/2b = 
1.97. 
For Reynolds numbers lower than 3,000, the Sh number had approximately the same 
value for each row. When the Re was increased up to 20,000, the Sh increased in the 
first and up to the third row, decreased in the fifth and sixth row and increased again 
up to the last row. By taking into account the scattering of the experimental data the 
Sh number was considered fairly constant from the fourth or fifth row up to the last, 
which implied that the entrance region was restricted to the first three or four rows of 
the bank. 
The Sherwood-Reynolds number dependence (evaluated as the arithmetic mean value 
between the Sh measured in rows four to seven) was also given for eight banks 
having different longitudinal and transverse pitches and a single tube. The Sh number 
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increased almost linearly with the Reynolds number for all the designs investigated. 
The Sh numbers for banks with the same longitudinal pitch were very close together, 
i. e., the transverse pitch had a very weak influence. Furthermore, comparing the 
empirical correlations representing the data for the tube banks and a single tube, it 
was clear that the average mass transfer coefficient is higher for tube banks with 
small longitudinal pitches. An opposite trend was observed only for sufficiently high 
Reynolds numbers. 
The authors also made a comparison between tubular cross flow heat exchangers 
having circular or oval-shaped tubes. The dependence of the ratio of the thermal 
power per unit temperature to the pumping power on the mass flow rate was 
investigated. The ratio is greater the larger the frontal area of the shell side is. In 
general, the oval-shaped tube banks have small frontal areas on the shell side 
compared to those with circular tubes. This is evidently advantageous when the 
available pumping power is restricted. 
Li et at (1997) investigated the heat transfer and pressure drop of tube banks with 
elliptic tubes having an axis ratio of 1: 2. In-line configurations with different 
longitudinal and transverse pitch were tested. The longitudinal pitch ranged from 1.5 
to 3.0 and the transverse one from 2.0 to 2.8. The experimental results showed that 
the average Nusselt number increases linearly with the Reynolds number 
independently of the geometrical parameters of the bank. Conversely, the smaller the 
transverse spacing or the higher the longitudinal spacing the higher the pressure drop. 
A comparison between in-line and staggered tube banks with elliptic tubes with 
corresponding banks with circular cylinders was made. Configurations with circular 
tubes showed a higher mean Nusselt number at all the Reynolds number investigated; 
Nu was slightly higher for the in-line arrangement at high Reynolds numbers only. 
The staggered configuration with elliptic cylinders exhibited the lowest Nu values. 
With regard to the pressure drop, the in-line configuration with elliptic cylinders 
showed the lowest resistance to the flow, whereas the staggered configuration with 
circular tubes the highest one, as expected. 
Nair and Sengupta (1997) investigated the flow past elliptic cylinders for different 
Reynolds number and angles of attack by 2-D direct numerical simulation. Two axis 
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ratio combinations (1: 10 and 1: 4) along with three angle of attack cases (a= 10°, a= 
12°, a= 30°) were investigated. Comparing the two axis ratios investigated, it can be 
seen that for the ellipse with axis ratio b/a = 0.1, the flow behaves more like a 
conventional airfoil. The separation point, which is near the leading edge for b/a = 
0.1, is either absent or is located further downstream for b/a = 0.25. The number of 
secondary vortices increases with an increase in the axis ratio for the same a. The 
strength of the vortices shed increases with b/a. This results in an increased 
movement of the front stagnation point and the deflection of the wake. The average 
lift is higher for smaller axis ratio at the same a, even though the maximum lift is 
higher for the ellipse with b/a = 0.25 wake. For b/a = 0.25 negative values of the lift 
were obtained, due to the significant movement of the front stagnation point and the 
formation of alleyways. This negative lift tells that the larger the axis ratio the more 
the ellipse behaves like a bluff body for the same a. 
Effect of the arrangement of the tubes 
Katinas and Tumosa (1992) studied experimentally the effect of transverse 
displacement on heat transfer and fluid dynamics of a staggered tube bundle with 
transverse and longitudinal pitch ratios of 1.15 and 0.98 respectively. The Re ranged 
from 103 to 6x 105. The experiments showed significant alterations to the local Nu 
distributions around the displaced tube followed by changes in the vortex shedding 
frequencies and the locations of impact and separation points. The alterations were 
more pronounced at larger displacements. The average heat transfer was found to 
increase by 25% at large displacements as a result of the shift in the locations of the 
impact and separation points. The maximum heat transfer augmentation was 
observed at displacements equal to approximately 0.1 d, but as the displacement 
increased further the average heat transfer decreased. 
However, Wung et al (1986) reported that both the heat transfer rates and the 
pressure drop of non-standard arrays resulting from various displacements of 
alternate or other rows in the transverse direction fell between the values for the 
corresponding in-line and staggered arrays. They concluded that heat transfer can not 
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be augmented more than that of a staggered an-ay merely by shifting rows in the 
transverse direction. 
Sharatchandra and Rhode (1997) predicted that small longitudinal displacements 
have little influence on the thermal and hydraulic characteristics of a closely spaced 
staggered tube bundle. However, disproportionate increases were observed for 
longitudinal displacements of the order of half the tube radius: the average Nu was 
found to improve moderately whereas the friction factor increased significantly 
suggesting no improvement on the overall efficiency of the tube bundle as a result of 
tube displacement. Local Nu distributions showed that as the tube displacement 
increases the Nu decreases at the front portion and increases significantly at the rear 
portion reaching a local maximum. 
1.2.4 Pulsating flow 
No standard terminology exists to distinguish between purely oscillatory flows (o) 
and flows with velocity oscillations superimposed to the flow (m). However, it has 
been suggested (Cooper et al, 1993) to use the term "oscillatory" to describe the first 
type of flow aforementioned (o) and "modulated" to describe the second one (m). 
In the rest of the work the term pulsating flow, or flow pulsations, is used to describe 
an oscillatory flow superimposed to the steady non-zero mean flow. For the sake of 
easier analytical and numerical processing and/or modelling typical oscillatory flows 
are sinusoidal in time. Therefore, this survey focuses on periodic pulsating flow 
containing a well-defined or dominating single frequency. Oscillating flows are 
expected to affect appreciably the fluid-dynamical and thermal behaviour of the flow. 
Velocity fluctuations, in fact, may change the mechanism of the turbulent-energy 
production and therefore the turbulence structure of the flow, which controls the 
convective heat transfer process. Although, due to the thermal inertia, the 
temperature field cannot follow the velocity oscillation at high frequency, pulsating, 
or oscillating flow, at relatively high frequencies and high amplitudes may have a 
substantial effect on the heat transfer behaviour. Although our experimental 
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investigation on pulsating flow deals with low frequencies and relatively high 
amplitudes of pulsations this survey will cover a wider ranges of flow conditions. 
It can be anticipated that, although, not much work has been published on the flow 
and heat transfer under pulsating conditions over a single cylinder as well over tube 
bundles, the conclusions are largely conflicting as to the effect seen. 
1.2.4.1 Pulsation generators 
A literature survey was conducted in order to identify the methods used to introduce 
flow pulsations in a steady mean flow. 
Base et al (1981) generated an oscillating flow in the working section of a wind 
tunnel by oscillating the primary air supply through the air inducers and the 
secondary flow, the main one, was induced according to the primary flow. The 
oscillating primary air supply was obtained by means of a solenoid valve, which 
underwent an on/off operation according to the electrical signal supplied to the valve 
and controlled by a square wave signal generator. The frequency could be varied 
from 0.0025 to 25 Hz using a ten-turn dial. 
Kotake and Aoki (1984) obtained large amplitude oscillations by changing the cross- 
sectional area of the flow passages. Two choked throats geometrically symmetrical 
were located at the outlets from the air storage tank of a wind tunnel. The cross- 
sectional area was changed in antiphase by a sliding motion of a wedge-shaped piece 
with the Scotch mechanism. This pulsation generator provided exactly sinusoidally 
oscillating flows of velocities from 0 to 60 m/s and amplitudes up to 80% at 3 Hz or 
10% at 10 Hz. 
Andraka and Diller (1985) produced pulsations by means of six rotating shutters 
mounted on parallel shafts in the settling chamber of a wind tunnel. The shutters 
provided a nearly sinusoidal waveform with at least 95% of the wave energy at the 
fundamental frequency. The wave relative amplitude, AU/U» 3= Aa, was varied 
3 AU is the pulsation amplitude. 
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between 4 and 25% of the mean flow. Armstrong et al (1986) similarly introduced 
pulsations by rotating a set of four shutters situated downstream of the test section. 
The shutters were rotated in phase by a variable d. c. motor through a belt drive. The 
perturbation amplitude was found to depend on both the mean flow velocity and 
perturbation frequency. For a given mean velocity and frequency the amplitude of 
pulsations was varied by changing the shutters' widths. Spectra of the perturbation 
velocity showed that its harmonics were small, although not quantified, compared 
with the fundamental frequency amplitude. When rotating shutters arc used as 
pulsations generators (see also Wolochuk ct al (1996)) the amplitude of the 
oscillations, therefore, depends on their frequency (which could, on the other hand, 
reach very high values) and increases linearly with the mean flow velocity. 
Sung et al (1994) generated pulsations by means of a non-mechanical device. They, 
in fact, achieved pulsation of the free stream flow by placing a speaker in the settling 
chamber of a wind tunnel. The sinusoidal signal was produced by means of a 
function generator. The signal was passed through an audio amplifier and then sent to 
the speaker. High quality pulsations were produced in the free stream flow. 
Experiments were carried out with pulsation frequencies, fd, and relative amplitudes, 
A0, ranging between 10 and 40 Hz and between 0.08 and 0.23 respectively. Although 
this acoustic device produced high quality pulsations and led to a straightforward and 
simple experimental design it would be hardly applicable in a water tunnel. 
Peacock et at (1998) superimposed on the main flow an oscillatory sine wave 
component provided by a Scotch yoke mechanism. The apparatus allowed them to 
control the mean and oscillatory components independently. Despite, the 
straightforward design of the apparatus the maximum achievable frequency was 
equal to fd =3 Hz. 
The pulsation generators described, therefore, present limitations either because of 
the restricted frequency or amplitude of the pulsations ranges that could be covered 
or because of construction difficulties. For the present investigation, therefore, a 
rotating valve, which will be described in Chapter 2, was chosen as pulsator 
mechanism. Its design as well as its accommodation into the water tunnel was 
straightforward, and high quality pulsations were achieved. The rotating valve 
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consisted of a full stainless steel cylinder with a slot cut along its longitudinal axis. 
The frequency of the associated velocity perturbation was twice that of the rotating 
valve as the time-varying blockage presented to the flow repeated itself every half 
turn of the rotating valve. The valve was driven by a variable speed motor, which 
could provide frequencies from 0 up to 100 Hz. The amplitude of the pulsations 
could be varied from 0 to 45% of the mean velocity by adjusting the flowrate through 
the valve and through a secondary parallel steady flow branch of the water tunnel. 
The amplitude of the pulsations depended on the flowrate through both the steady 
flow brunch and the rotating valve one as well as on their combination. 
1.2.4.2 Effect of pulsations on the flow and heat transfer over 
bluff bodies 
Flow pulsations have been shown to enhance process-engineering characteristics in 
many applications such as mixing, heat and mass transfer. They also offer the 
advantage of controlling process conditions via the amplitude and frequency of 
oscillations. There is an enormous amount of literature on pulsating flows and their 
applications. A comprehensive review of the fluid mechanics of such flows and the 
associated applications can be found in Cooper et al (1993). 
Pulsating flows over single cylinders and in particular vortex shedding lock-on have 
attracted considerable attention due to their practical significance in the design of 
offshore structures (Armstrong et al, 1986,1987; Barbi et al, 1986; Telionis et al, 
1992). It is well known that at large Reynolds numbers one of the major properties of 
the flow is the shedding of vortices from the body into the wake. The vortex shedding 
s 
givdrise to a fluctuating lift and drag force whose frequencies are equal and twice the 
shedding frequency respectively. As a response the cylinder could vibrate 
transversally to the flow and eventually, if the body is slightly damped, the amplitude 
of this vibration could become large enough for the vibrational frequency of the 
cylinder to lock-on to the frequency of the shedding frequency. As a consequence 
both the lift and drag forces would have a substantial increase leading, eventually, to 
a failure of the bluff structures and/or structures having bluff components (Armstrong 
et al, 1986). 
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Investigations on in-line vibrating cylinders in steady flow have shown that for 
Reynolds number between 80 and 4,000, lock-on was found, in which the vortex 
shedding frequency remained at half the cylinder frequency over a range of cylinder 
frequencies which was twice that of a vortex shedding from the cylinder when it was 
not vibrated. Little work has been done on cylinders vibrating in-line with the flow 
and even less on the related case when the cylinder is steady and the oncoming 
velocity has superimposed an oscillatory perturbation. Armstrong et al (1986) pointed 
out as these two cases are completely equivalent when the acoustic wavelength is 
large compared with the diameter of the cylinder. In Armstrongs experimental 
apparatus this condition was satisfied. Three bluff bodies were used in this 
investigation: a circular cylinder, a D-shaped cylinder, with front face flat, and a flat 
plate. The cylinders were horizontal and perpendicular to the free-stream direction. 
The velocity perturbation was produced by rotating a set of four shutters that were 
situated at the downstream end of the test section. The authors found that the 
shedding frequency locked on half the driving frequency, that is the frequency of the 
flow pulsations, over a range of velocities. The lock-on region was also found to 
increase with the amplitude of the pulsations. The base pressure was observed to 
decrease with lock-on and its minimum decreased as well as the pulsation amplitude 
increased. The effect of lock-on on the base pressure was smaller for the D-shaped 
cylinder and the flat plate, which have fixed separation points. 
Averaged wake velocity measurements by Armstrong et al (1987) indicated that 
pulsations increased the vortex strength by 29% and decreased the separation of the 
vortices by 25%. As a result the mean velocity profiles in the wake remained 
unaltered but the velocity fluctuations in the wake centreline increased. The amount 
of shed vorticity was estimated to be 12% higher with lock-on and the remaining 
increase in the vortex strength was accounted for by a decrease in the amount of shed 
vorticity destroyed in the vortex formation process. 
Barbi et al (1986) carried out an experimental investigation of a circular cylinder in 
steady and oscillatory flow with non-zero mean velocity up to Re = 40,000. Their 
findings showed that the shedding frequency may vary smoothly with the driving 
frequency before locking on half the driving (or pulsation) frequency. Furthermore, 
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they observed that that at the lowest limit of lock-on (which was found to depend on 
both the amplitude and frequency of the oscillations and on Re), vortices are shed 
simultaneously on both side of the cylinder. 
Telionis et at (1992) found that lock-on occurred for driving frequencies near the 
natural shedding frequency or its first harmonic and it was most pronounced in the 
second case. It was observed that lock-on produces a number of effects such an 
increase in the strength of the vortices and a decrease in the mean base pressure, 
which are associated with a change in the wake structure. 
A number of studies have also been published on the effects of flow pulsations on the 
heat transfer from a single stationary cylinder but they are not conclusive as to 
whether flow pulsations augment heat transfer rates. Kim et al (1983) studied 
experimentally the response of incompressible flow and heat transfer to natural and 
forced pulsations of the incoming stream over a circular cylinder. The effect of 
oscillation on the mean heat transfer at the stagnation point of the single cylinder was 
evaluated. As expected, an increase in the mean velocity corresponded to an increase 
in the heat transfer, but the dimensionless heat transfer Nu/ Re remained constant. 
Correspondence was found between the velocity and heat transfer fluctuations. 
Moreover the fluctuating component of heat transfer decreased with frequency, a 
decrease which corresponds to an increase in the amplitude of pulsations if one 
inspects the experimental data the authors provide in their paper. Significant is the 
fact that no measured effect of oscillations on the mean heat transfer was observed. 
Kotake and Aoki (1984) investigated the heat transfer of a cylinder in large- 
amplitude oscillating wake flows. A wind tunnel was equipped to supply airflow with 
exactly sinusoidal oscillation of velocity at relatively low frequencies and high 
amplitudes. One cylinder was located in the oscillating airflow and another cylinder 
in its wake flow. The cylinder wall was wrapped into a stainless steel foil bated 
electrically by an alternating current. The surface temperature of the foil was 
measured circumferentially by rotating the cylinder with a copper-constantan 
thermocouple soldered to the foil. The mean Reynolds number based on the bulk 
velocity and a mean cylinder diameter was Re =16,000. 
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It was found that the mean-time surface temperature as well as the amplitude of the 
surface temperature oscillation (heat transfer coefficient and its relative amplitude of 
oscillation) takes a minimum (maximum) value at the reattachment point of the shear 
flow separated from the first cylinder, and larger (smaller) values at the forward 
stagnation and rearward separation points, although it is hardly affected by the mean 
flow oscillations. With an increase in the frequency of the main flow oscillation, the 
amplitude of the surface temperature (heat transfer coefficient) decreased. The latter, 
contrarily, increased with an increase in the amplitude of the velocity oscillations. At 
slightly staggered positions of the second cylinder with respect to the first one the 
circumferential distribution of the surface temperature shifted towards the staggered 
direction. At larger staggers than half of the cylinder radius it tended to coincide with 
the one of the single cylinder. 
1.3 Main findings 
The main findings of the preceding literature review can be summarised as follows: 
> Four excitation mechanisms have been identified in tube bundles: turbulent 
buffeting, vorticity shedding, fluid elastic instability and acoustic resonance. 
>A large amount of published Strouhal number data exists for various tube bundle 
geometries (Chen, 1977; Weaver et al, 1987; Oengören and Ziada, 1995). 
However, St is strongly dependent on the tube arrangement, the spacing between 
tubes, the Reynolds number, the location within the array and even the tube 
shape. Furthermore, there is evidence of multiple Strouhal numbers for certain 
arrays. As a result, the scatter in the published data is considerable. 
> In the subcritical range, the Strouhal number, St, remains at an almost constant 
value of 0.2, which implies a linear relationship between the vortex shedding and 
the velocity. 
> The near wake flow of a cylinder in the subcritical regime can be characterised by 
four characteristic lengths, all depending on the Reynolds number. the length of 
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the separated laminar shear layer, the vortex formation length, the length of the 
recirculation bubble and the diffusion length. 
> The relative constancy of the Strouhal number is attributed (Gerrard, 1996) to the 
fact that the two major frequency-determining factors (vortex formation length 
and diffusion length) tend to change the frequency in opposite directions as the 
Reynolds number is altered. 
Although relatively little work has been published on the heat transfer of 
asymmetric arrays as well as of arrays with non-circular tubes, the conclusions 
reached are largely conflicting as to observed phenomena. However, the smaller 
frontal area of the elliptic tubes allows for a more compact design and is also 
beneficial in terms of particulate fouling of the outer surface. 
> Pulsating flow around a single cylinder may cause lock-on of the shedding 
frequency. Armstrong et al (1986) pointed out that the case of cylinder vibrating 
in-line with the flow and the case of a steady cylinder in pulsating flow are 
completely equivalent when the acoustic wavelength is large compared with the 
diameter of the cylinder. 
> Lock-on can cause considerable changes in the wake structure and forces acting 
on the cylinder. 
There is evidence in the literature that pulsating the flow in heat exchangers 
enhances heat transfer, although there is disagreement on this point. It should be 
noted that several investigators have only considered a small number of variables 
in their studies, which furthermore were confined to relatively narrow ranges. 
1.4 Objectives of the present investigation 
Most of the published literature on the cross-flow past cylinder arrays has dealt with 
conventional tube bundles. The in-line array with drop-shaped tubes investigated in 
the present work is novel and not much work has been published on the flow and 
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heat transfer over asymmetric arrays or in-line ones with elliptic tubes. Furthermore, 
to the best knowledge of the author no data are available on the flow and heat transfer 
over these configurations under pulsating flow. 
In view of the above consideration and the main findings of the literature survey, the 
objectives of the present investigation are: 
1. Obtaining accurate velocity data in the three selected tube bundle configurations 
under steady flow conditions. 
2. Identifying flow periodicities and quantify their effects on the measured 
quantities. 
3. Determining the effect of pulsations on the velocity characteristics of the flow. 
4. Identifying the occurrence of lock-on. 
5. Providing qualitative information on the flows under investigation using Laser 
sheet flow visualisation. 
6. Developing and applying a thermocouple measurement technique for the 
measurement of surface temperature distributions in the asymmetric array and in 
the in-line one with elliptic cylinders. 
1.5 Outline of the thesis 
a. 
The re4inder of this thesis is divided into six chapters. The following chapter 
describes the tube bundle configurations and the experimental techniques used for the 
present investigation. Chapter 3 presents the flow measurements taken in the 
arrangement with elliptic cylinders under steady and pulsating flow conditions. The 
flow and vortex shedding characteristics of an asymmetric tube array with circular 
cylinders are studied in Chapter 4 so that the effect of the tube arrangement can be 
studied. Chapter 5 examines the flow and vortex shedding characteristics of an in- 
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line array with drop-shaped cylinders. Chapter 6 examines the heat transfer 
characteristics of both the in-line and the asymmetric array with elliptic and circular 
cylinders respectively. All measurements were taken in both steady and pulsating 
flow. The study was carried out in order to evaluate the effect of the mean flow and 
turbulence characteristics on the heat transfer. The findings of the entire investigation 
are summarised in Chapter 7. where recommendations for future work are also made. 














Figure 1.2. Cross-section of an elliptic cylinder in cross-flow. a is the angle of attack 
and h the projected height. 
-, ' 
CHAPTER 2 
Flow Configuration and Experimental 
Techniques 
2.1 Introduction 
In this chapter the water tunnel facility used, the tube bundle models investigated and 
the flow measurement techniques employed are described. Three tube bundle models 
were constructed and tested: one asymmetric arrangement with circular cylinders and 
two in-line arrangements, one with elliptic cylinders and the other one with drop- 
shaped cylinders. Ensemble-averaged and time-resolved velocity measurements were 
taken using the laser Doppler anemometry (LDA) technique. The optical 
configuration and the signal processing system are briefly described. Laser sheet flow 
visualisation was also employed to provide qualitative information on the flows 
under investigation. Surface temperature measurements in both the asymmetric test 
section with circular cylinders and the in-line one with elliptic cylinders were taken 
using a thermocouple measurement technique also described in this chapter. All 
measurements were taken in both steady and pulsating flow. Pulsations were 
introduced in the flow approaching the tube bundle in order to study their effect on 
the mean flow, the turbulence content and the vortex shedding characteristics of the 
flow as well as their influence on the heat transfer. 
The flow configurations and the conditions were chosen so that both active (flow 
perturbations) and passive methods (asymmetric and non-circular tube arrangements) 
of heat transfer augmentation and minimisation of heat exchanger fouling could be 
examined. Results in the open literature suggest that flow perturbations can lead to 
increased heat transfer rates while a rearrangement of the tubes or a redesign of the 
tube shape, can lead to reduced deposition rates. The alternative shapes for the tubes 
were designed and constructed on the basis of numerical findings which showed that 
an in-line tube bundle with elliptic-shaped tubes exhibits the lowest particle 
29 
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deposition rates and pressure drop and that drop-shaped tubes help the fouling 
particles to travel tangentially to it rather than to impact and possibly stick on the 
surface, reducing thus the deposition rates by up to 81% in comparison to the 
standard in-line bundle with circular tubes (Bergeles et al, 2000). 
2.2 Experimental rig 
An experimental facility had been previously employed in ECLAT, King's College 
London, to facilitate experimental studies of tube bundles in crossflow as part of a 
previous JOULE II Research Programme investigating the effects of fouling on the 
efficiency of heat exchangers in lignite utility boilers (Bergeles et al, 1996). This 
experimental facility was re-assembled and modified to accommodate a flow 
pulsating mechanism. It consists of a closed-loop water tunnel designed so that the 
flow entering the test section has a uniform velocity profile and a Re similar to that of 
a tube bundle in a typical lignite boiler under real operating conditions so that 
dynamic similarity can be achieved. 
A centrifugal pump is used to circulate the working fluid (water) from a tank. A by- 
pass valve is installed to regulate the flowrate, which is monitored with two 
precision-bore flowmeters (KGD model 2000). The working fluid flows downward 
through a straightening section to the test section. The flow straightener utilises a 
piece of a hexagonal cell honeycomb made of aluminium for the effective removal of 
lateral mean velocity variations. A proportional temperature control system 
(Eurotherm 818) consisting of a cooling coil, an immersion heater and a 
thermocouple was built and installed in the tank, in order to maintain the temperature 
of the working fluid to within ± 0.05 °C. A solenoid valve is used to control the 
water flowrate through the cooling coil. 
After careful consideration of the literature on pulsating flows, it was decided that the 
best method to generate pulsations in the flow approaching the test sections would be 
to replace one of the existing valves in the rig with a rotating valve driven by a 
variable speed motor. The rotating valve was positioned downstream of one of the 
flowmeters and upstream of the test section. The frequency of the pulsation could be 
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controlled by varying the speed of the motor and the amplitude could be adjusted by 
varying the flowrate through the rotameter connected to the rotating valve while 
maintaining the total flowrate the same. Alternatively, the size of the aperture in the 
rotating valve could be adjusted to provide additional means of modifying the 
amplitude of the pulsations but this was not necessary in the present investigation. A 
schematic diagram of the flow rig is shown in Figure 2.1. The pipework, fluid tank 
and all components of the rig were arranged with their axes vertical. The 
experimental rig has a maximum capacity of 290 lit/min corresponding to a 
maximum upstream bulk velocity, U., equal to 0.93 m/s with tap water at 25 °C used 
as working fluid. Measurements were carried out upstream of the first row of the tube 
bundles at x/SL = -1.0 in order to ensure that the approaching flow was uniform. The 
two-dimensionality of the flow was established both upstream and inside the bundle 
(at x/SL = -1.0 and 1.33 respectively) by measuring mean velocity profiles at three 
different z-planes (z = -6.0,0.0,6.0 mm). 
2.3 Flow configuration 
2.3.1 Tube bundle models 
In shell-and-tube heat exchangers, the tubes are arranged in rows. The rows 
perpendicular to the shell-side flow are called transverse rows; the rows parallel to 
the flow are called longitudinal rows (or columns). There are two typical tube bundle 
arrangements: 
1. In-line arrangements, in which the tubes in adjacent transverse rows are in-line 
with each other and the direction of the flow. The centre-to-centre distance between 
tubes in adjacent transverse rows is the longitudinal spacing SL. The centre-to-centre 
distance between the longitudinal rows is the transverse spacing Sr. There are two 
types of in-line arrangements: a square in-line arrangement, in which SL = ST and a 
rectangular in-line arrangement, in which SL * ST. In in-line arrangements the 
minimum cross-section presented to the flowing stream occurs between the 
longitudinal rows and is equal to ST - d, where d is the diameter of the tubes. 
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2. Staggered arrangements, in which the tubes in adjacent transverse rows are not in 
line with the direction of the flow. The distance ST is the centre-to-centre spacing of 
tubes in the transverse rows, while SL is the centre-to-centre spacing of longiTudinal 
rows. The centre-to-centre diagonal distance between two tubes in adjacent 
transverse rows, SL, is related to SL and ST by: 
2 
SL". Sý2 + 
S2 (2.1) 
The following types of staggered arrangements can be found: 
a: Staggered triangular arrangement, in which ST * SL'. When ST < SL', the 
minimum cross section of flow occurs between the longitudinal rows and is equal to 
ST - d, while if ST > SL, the minimum cross section of flow occurs along the 
diagonal SL' - d. The staggered square arrangement (or rotated square) is a special 
case of the staggered triangular arrangement in which SL' = ST/I. 
b: Staggered equilateral-triangular arrangement, in which SL= ST- 
3. Asymmetric (or semi-staggered) arrangements, which are intermediate 
configurations between in-line and staggered arrangements and asymmetric with 
respect to the centreline (vertical axis). They are constructed by shifting the even 
rows in an in-line tube bundle in the transverse direction. 
The tube bundle models investigated comprised an in-line arrangement with elliptic 
cylinders, an asymmetric arrangement with circular cylinders and an in-line 
arrangement with drop-shaped cylinders. The in-line arrangement with elliptic 
cylinders had pitch ratios of ST/2b = 5.5 and SL /2a = 1.6, where 2b and 2a were the 
minor and major axes of the elliptic cross-section of the cylinders. The bundles 
consisted of 6 rows and 3 columns of tubes. The axis ratio of the cylinders, b: a, was 
1: 2. A detailed drawing of the cross-section of the elliptic configuration is shown in 
Figure 2.2 (a). 
The asymmetric arrangement, constructed by shifting the even rows in the in-line 
tube arrangement by one diameter in the positive transverse direction, had a 
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longitudinal pitch ratio, SL/d, of 2.1 and a transverse pitch ratio, ST/d, of 3.6. It 
consisted of 6 rows and 5 columns of tubes. A detailed drawing of its cross section is 
given in Figure 2.2 (b). The in-line arrangement with drop-shaped tubes had a 
longitudinal pitch ratio, SL/dx, of 1.6 and a transverse pitch ratio, ST/dy, of 5.8, 
where d,, is the height of the drop-shaped cylinders and dy the diameter of the bottom 
circular half of the cylinders. It consisted of 6 rows and 3 columns of tubes. A 
detailed drawing of the cross-section of the drop-shaped configuration is shown in 
Figure 2.2 (c). 
All the three models had a square cross-section (72 mm x 72 mm) and were 
manufactured from transparent acrylic material (poly-methyl methacrylate - 
Perspex). The elliptic cylinders had a major axis of 13 mm and a minor axis of 6.5 
mm. These axes were chosen so that the circumferential length of the elliptic 
cylinders was the same as that of the circular ones employed in the asymmetric 
arrangement. The circular cylinders were 10 mm in diameter. The drop-shaped 
cylinders were manufactured by joining half a cylinder of radius of 3.08 mm with a 
parabolically-shaped one described by the equation: 
yi 
0.0.8 6 (0.01 + x, ) ' Im] (2.2) 
where xi (varying between 0 and -0.01 m) and y; refer to a local co-ordinate system, 
(see Figure 2.2 (c)). The total cross-sectional longitudinal, dx, and transversal lengths, 
dy, of the cylinders were 13.08 mm and 6.16 mm respectively, the latter 
corresponding to the diameter of the semi-circular cylinder. Again, these dimensions 
were chosen so that the circumferential length of the drop-shaped tubes, and 
therefore the heat transfer area, is the same as that of both the circular and the elliptic 
ones. All cylinders were also manufactured from Perspex. Two of the tube columns 
in the test sections comprised half cylinders which were fixed along the wall - in 
alternate rows in the asymmetric arrangement and in each row in the in-line ones - to 
simulate an infinite tube bundle and minimise wall boundary layer effects. The 
Whenxi=0=y1=t 0.01 =±3.0810-3[m]; y, =0when xi=-0.01 [m]. 3.8 
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Perspex cylinders were fixed horizontally in the test section and they were rigidly 
mounted by pressing them tightly into holes drilled on the Perspex plates to eliminate 
possible resonance effects that might interfere with the flow parameters measured. 
Table 2.1 summarises the dimensions and geometrical parameters of the tube bundle 
models investigated. 











Dimensions, LxWxH (mmx mm x mm) 72x72x 196 72x72x 196 72x72x 196 
Cylinder diameter, d (mm) * 10 
Major axis, 2a / height, dX (mm) 13 * 13.08 
Minor axis, 2b / diameter, dy (mm) 6.5 * 6.16 
Transverse spacing, ST (mm) 36 36 36 
Longitudinal spacing, SL (mm) 21 21 21 
Transverse pitch, ST/2b, ST/d, S1/dy 5.5 3.6 5.8 
Longitudinal pitch, S1/2a, SL/d, Si/dx 1.6 2.1 1.6 
No. rows, N 6 6 6 
No. columns 3 5 3 
U2b 11.08 
Aspect ratio Lid * 7.2 
L/d,, * * 11.7 
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2.3.2 Co-ordinate system and flow conditions 
The co-ordinate system employed is shown in Figure 2.3. All measurements were 
taken at the plane of symmetry, z=0.0 mm, a plane that crosses the cylinders at 
midspan. The measurement locations are described in terms of normalised co- 
ordinates, x/SL , y/ST, where SL and ST are the longitudinal and transvers spacings 
respectively, which are the same for all three arrangements. 
The pulsation waveforms generated by the rotating valve were nearly sinusoidal, with 
at least 95 % of the pulsation energy at the fundamental frequency. The oncoming 
velocity was thus approximately given by: 
u= U_[1+Aosin(2, nfat)]+u' (2.3) 
where u is the instantaneous flow velocity, U. the upstream bulk velocity, A. and fd 
the pulsation relative amplitude (defined as the ratio between the pulsation amplitude 
and the upstream bulk velocity, AU/U.. ) and frequency respectively, t the time and u' 
the fluctuating velocity component. By introducing the velocity term Ute, defined as: 
Uo. = U[1+Aosin(2, zfdt)]=U +Uputs 2 (2.4) 
where Up b=U., Aosin(2nfdt) = AUsin(2 dt), equation (2.3) can be rewritten as 
follows: 
u=U0 +u' (2.5) 
Figure 2.4 (a) shows a typical time trace of the oncoming instantaneous velocity 
(x/SL= -1, y/ST = 0.0), u, in pulsating flow (fd = 10 Hz, Re = 1,755). Figures 2.4 (b) 
and (c) show the corresponding oscillatory velocity component, U3, and the 
superimposition of u and U respectively. 
2 Note that the mean of the oscillatory component of the velocity is equal to the upstream bulk 
velocity, that is U., =U... 
3 The oscillatory velocity component, U., was obtained by notch-filtering in the frequency domain 
the instantaneous velocity (u) spectrum. The notch filter is a well known filtering technique designed 
to remove only a narrow frequency band around a specific frequency (Balabani. 1996). 
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Another important parameter that will be used in the following chapters to 
characterise the pulsations is the reduced amplitude, c, defined as: 
E= AU/2rtfdd* (2.6) 
where d* is a characteristic length of the cylinders (see also Chapter 3, paragraph 
3.3.1). 
Errors in the estimation of both the driving frequency, fd, and the amplitude of 
pulsation, AU, which define the pulsation waveform, can arise from the accuracy of 
the device employed to generate pulsations, that is the rotating valve driven by the 
variable speed motor. The motor speed, measured by means of a tachometer, was 
accurate within ± 10 rev/minute, that is ± 0.15 Hz, during the measuring period. The 
cycle-to-cycle variation pulsation amplitude was evaluated by analysing the 
oscillatory velocity component waveform (see Figure 2.4 (b)). The deviation from the 
mean pulsation amplitude (given by the amplitude spectrum) averaged over a 
comparatively high number of cycles/measuring period was estimated to be within 5 
%. 
Table 2.2, given below, summarises the flow conditions adopted in the present 
investigation for all the arrangements tested. 
The Reynolds number for the asymmetric array with circular cylinders was defined 
using the cylinder diameter, d, as characteristic dimension and the gap velocity, Ug, 
as characteristic velocity, that is, Re = Ug d/v. The Reynolds number for the in-line 
array with elliptic cylinders was instead defined using the minor axis of the elliptic 
cylinder, 2b, as characteristic dimension and the gap velocity, Us, as characteristic 
velocity, that is, Re = U. 2b/v. Finally, the Reynolds number for the in-line array with 
drop-shaped cylinders was defined using the diameter of the bottom circular half of 
the cylinders, dy, as characteristic dimension and the gap velocity, Ug, as 
characteristic velocity, that is, Re = U. div. 
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Working fluid water water water 
Re 638-12,858 638-6,760 638-6,760 
Fluid temperature (°C) 25 25 25 
Flow pulsation frequency, Cd (Hz) 7-14 7-14 7-14 
2.4 Flow measurement techniques 
2.4.1 Flow visualisation 
Flow visualisation is a powerful tool of investigation in fluid mechanics. In the 
present investigation it was adopted with the objective of examining the flow field in 
the wake of the tubes and in the near region around the separation points and to 
complement the LDA measurements. It differs from other experimental methods in 
that it renders certain properties of a flow field directly observable by visual 
inspection. By visualising the flow, therefore, an idea of the whole development of 
the flow could be attained, and the insight into the physical processes under 
investigation improved. 
Due to the fact that most of the fluids used for experiments are transparent media, 
their motion remains invisible to direct observation. The techniques by which the 
flow is made visible are called `flow-visualisation techniques". As for the LDA 
technique, they can be non-intrusive, that is, they do not interfere with the flow. 
Several methods of flow visualisation can be identified (Merzkirch, 1987). This 
thesis will be concerned with the technique by which tracer particles are inserted into 
the flow and made visible by illumination; if the particles are small enough, it can be 
assumed that they follow the flow, both in direction and magnitude; what is 
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observed, therefore, is not the fluid itself but the motion of the inserted tracers. The 
main concern with flow visualisation studies using tracer particles is whether the 
particles themselves follow the flow. Although generally this is not the case, actions 
can be taken in order to reduce the deviation in velocity magnitude and direction 
between the particles and the fluid flow. The particles should, therefore, fulfil two 
contradictory characteristics: high visibility and minimisation of slip between 
particles and fluid flow. The first, in fact, increases with particle size, while the 
smaller the particle the better it follows the flow. For the second requirement to be 
fulfilled it is necessary that the particle is neutrally buoyant. In order to evaluate this 
last characteristic the expression for the settling velocity of a spherical particle, 
assuming Stokes' law, is given below: 
U, =(gdp2/18V)((PP)-1} (2.6) 
P 
where v is the kinematic viscosity of the fluid, dp the particle diameter, pp and p the 
density of the particle and of the fluid, respectively. A particle is neutrally buoyant if 
U, = 0. If the condition 
PP 
=1 cannot be achieved, that is, if the density of the 
P 
particle is not the same as that of the fluid, then neutral buoyancy can be approached 
by using extremely small particles (micron-sized). Tracer particles of about 100 µm 
are often used. In the present investigation hollow glass particles, with a diameter of 
15 µm, were used. These were spherical borosilicate glass particles whose density, 
pp, was equal to 1.1 kg/m3. The density ratio, 
PE 
, and the actual sedimentation P 
velocity, calculated for the conditions of the present investigation, were equal to 1.1 
and 12 x 10-6 m/s, respectively. These values show that the buoyancy of the particles 
could be neglected and eventually particles of bigger size could be considered, to 
increase visibility. However, preference was given to the minimisation of the velocity 
slip between fluid and particle velocities and finally the 15 µm diameter particles 
were adopted throughout the whole investigation. 
The most common illumination method is the light sheet with which the particles in a 
thin plane in the flow can be illuminated (Veret, 1987). The light sheet can be 
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produced by either a lamp or by expanding a laser beam into a light sheet by means 
of a cylindrical lens. In the present investigation both a 1000 W white lamp and a 1.2 
W output Argon-Iron laser (model: Spectra Physics - 164) operating at a wavelength 
of 514 nm were used in a comparative preliminary study. The laser-sheet technique 
proved to give a better resolution of the recorded photographs and was finally 
adopted. Video recordings of the flow were taken by means of a CCD video camera 
with a zoom lens. Finally, a video grabber was used in order to obtain individual 
frames from the video. The laser sheet was several centimetres high and about 1 mm 
thick. The tracer particles were observed and photographed in a direction 
approximately perpendicular to the illuminated plane. The light sheet enables 
visualisation of the motions in one plane and therefore allows us to recognise the 
vortical structures present in the flow. The time exposure in the present experimental 
set up, as in most flow visualisation studies adopting the same technique, was 
controlled by the mechanical shutter provided by the video camera (alternatively a 
pulse light source can be utilised). With this arrangement each particle appears like a 
streak whose length is proportional to the average local velocity. The control of the 
exposure time is crucial to the quality of the image. The video camera could provide 
shutter speeds of 50,120,250,1000 frames per second. Considering that in the 
present experimental conditions the velocity did not vary over a wide range (as the 
higher the velocity the shorter the exposure time should be), in most recordings 
a shutter speed, or frequency, of 50 frames per second, that is recording a frame every 
0.02 seconds, was adopted. 
2.4.2 Laser Doppler anemometry 
Velocity measurements were taken by employing a single component dual-beam 
laser Doppler anemometer (LDA) operating in forward scatter, which made use of a 
10 mW He-Ne laser (Spectra Physics model 106). Laser Doppler anemometry (LDA) 
is a well-established optical technique, which allows the measurement of the local 
instantaneous velocity of small particles suspended or introduced into the flow. Since 
it is non-intrusive and does not disturb the flow it is advantageous in turbulent and 
recirculating flows such as those in tube bundles investigated here. However, optical 
access to the transparent fluid and light-scattering particles are required. The LDA is 
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based on the measurements of the Doppler shift of laser light scattered from particles 
carried with the fluid, which are sufficiently small to follow the flow faithfully. The 
most common LDA systems are the "reference beam", the "two-scattered beam" and 
the "dual beam" or "fringe" types. The basic principle of the latter method, which 
was employed in this investigation, is briefly summarised below. 
The fringe-type method system makes use of two crossing laser beams of equal 
intensity to produce an interference fringe pattern within their volume of intersection 
(control or measurement volume). Single particles have to pass through this volume 
in order to produce beat signals providing information on the velocity of the particles. 
When a particle crosses the fringes, it scatters light, the intensity of which increases 
or decreases at a rate proportional to its velocity. The regions of intensity maxima 
and minima are referred to as "bright" and "dark" fringes, respectively. If the 
amplitudes of the two intersecting light waves are equal, as in the present LDA 
arrangement, the "fringe visibility" is large, that is the dark fringes are completely 
black. The fringe spacing, X*, that is the spacing between pairs of light and dark 
bands, is given by the following expression: 
x* _1 2sin(A/2) (2.7) 
where X and 0 are the wavelength of the laser light and the angle of intersection of 
the laser beams respectively. The time T taken by a particle to travel the distance X` 
is: 
T= X"/Uparticle (2.8) 
so the frequency vd (Doppler frequency) of the intensity modulation of the scattered 
light is: 
irr = Vd = 2U 
sin(8/2 
výcºcic A (2.9) 
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where UPt; k is the velocity component of the particle perpendicular to the fringes, 
which, if the particles are such that they follow the flow faithfully, represents also the 
fluid velocity component perpendicular to the fringes themselves. 
This intensity modulation, resulting in a Doppler burst or signal, is detected by a 
photomultiplier, which transforms the optical signal into an electrical one. The latter 
signal is processed by suitable electronics systems in order to determine the Doppler 
frequency and, therefore the fluid flow velocity component. Extensive velocity 
measurements can be obtained by moving the control volume throughout the flow 
field of interest. A common problem to the signal analysis is posed by reverse flow, 
as found in turbulence or recirculating regions. The Doppler frequency, in fact, 
although related to the velocity, is independent of its direction. In order to overcome 
this limitation, frequency-shifting devices are used to eliminate this directional 
ambiguity. The frequencies of the two crossing beams are shifted with respect to each 
other and, as a consequence, the fringes move with respect to the optical axis at a 
speed proportional to the frequency shift v,. The Doppler frequency or velocity will 
depend on whether the particle is travelling in the same or opposite direction with the 
moving fringes (being higher in the latter case). Both the direction and magnitude of 
the particle velocity can be determined by the following expression: 
Up ; cie _ (Vd ± vs) sin (0/2) (2.10) 
The frequency shifting was produced by means of a diffraction grating mounted 
perpendicularly to the direction of the incident light through which the laser beam 
was passed (see Figure 2.5) and driven by a bi-directional variable speed d. c. motor. 
The incident light wave is diffracted through the grating, and laser beams emerge at 
angles given by the following expression: 
YK =sin-' (k% (2.11) 
Chapter 2 Flow configuration and experimental techniques 42 
where k is the order of the diffraction beam and s is the line spacing. The diffraction 
grating can, therefore, be utilised also as a beam splitter. Through Doppler shift 
considerations it can be derived that the frequency of each of the diffracted beams 
will be shifted with respect to the incident wave by the quantity: 
v, = 2kn 60 (2.12) 
where No is the rotational speed of the grating in rev/min and n the number of radial 
lines etched on the grating. 
The presence of scattering particles is essential in laser Doppler anemometry. These 
may be found occurring naturally in the fluid, or otherwise have to be added 
artificially. If the particles are too small the intensity of the scattered light might not 
be enough to exceed the noise level of the detection system, while if they are too 
large they might block the light completely. This is more important if the system 
works in forward scattering, that is, if the photodetector collects the light scattered in 
the direction of propagation of the incident wave. In the present investigation tap 
water was used as working fluid. It contained a sufficient concentration of impurities 
so that seeding of the flow was not necessary. The quality of the signal was very good 
(signal to noise ratios of around 30 were achieved) and the data rates high for both 
ensemble-averaged and time resolved measurements (tt 1 kHz). 
One of the major criteria in choosing the components of the LDA system is the 
selection of both the dimensions of the control volume and the angle between the 
beams. Since lasers in LDA always operated in their fundamental mode (TEMP), 
their output beam has a Gaussian light intensity distribution. The measurement 
volume defined by the 1/e2 boundary of the maximum beam intensity is ellipsoidal in 






and its length, by: 





where b,. is the waist of the focused laser beam in the measurement volume. The 
anemometer used in this study is described below. 
2.4.3 Optical configuration 
The fringe-type LDA system used in the present investigation is shown in Figure 2.7. 
In order to minimise errors in measurements taken in turbulent and recirculating 
flows characterised by steep velocity gradients, the control volume has to be as small 
as possible. This leads to a better signal to noise ratio and a decrease in the 
probability of overlapping bursts. The formulas shown above indicated that the 
dimensions of the control volume depend on the beam waist. The latter is expressed 
as a function of the focal lenses f1, f2 and f3 of the lenses LI, L2, L3 employed, as 






where b° is the diameter of the beam emitted by the laser. The laser employed, 
operating at a wavelength of 632.8 nm (red light), had a beam diameter of 0.83 mm. 
The following combination of lenses was chosen. The laser beam was focused by a 
piano-convex lens with a focal lens, f1, of 200 mm onto a 4000-line diffraction 
grating. This was used both to split and frequency-shift the beams. The grating was 
rotated at 12,000 revs/minute, its speed chosen on the basis of the expected flow 
velocity magnitude range. The grating could be rotated through 90° about the optical 
axis. The plane containing the crossing laser beams could be rotated accordingly, 
thus allowing two orthogonal velocity components to be measured. The axial (U, u') 
and radial (V, v') mean and r. m. s. velocities were measured with the beams' plane 
parallel to the x-z vertical plane and to the y-z horizontal plane respectively. All 
measurements were taken along the plane of symmetry, z=0.0 mm. The 
corresponding frequency shift, calculated for the first order beams (which have 
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higher intensities than the higher order beams), was equal to 1.6 MHz. The pair of 
the beams emerging from the grating was collimated by a piano-convex lens, which 
was placed at one focal length, f2 = 520 mm, from the grating. Finally a third plano- 
convex lens of focal length, f3, of 135 mm, focused the two parallel beams in order to 
cross and produce the measurement volume. The ellipsoidal control volume was 50.6 
µm and 502 tm in diameter and length respectively. 
The scattered light from the particles crossing the control volume was collected by a 
photomultiplier (EMI 9658B) powered by a Brandenburg 10-2,000 Volts d. c. power 
supply. The characteristics of the LDA system used are summarised inTable 2.3. 
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Table 2.3. Characteristics of the LDA system used. 
Laser 
(lie-Ne) 
Wavelength,. % (nm) 632.8 (red) 
Power (mW) 10 
Beam diameter, b0 (mm) 83 
Lens 
f, (mm) 200 
f2 (mm) 520 
f3 (mm) 135 
Diffraction grating 
Number of lines, n 4,000 
Rotational speed of the grating, No 
(rev/min) 12,000 
Frequency shift, V. (MHz) 1.6 
Measurement volume 
dimensions 
(at 1/e2 intensity) 
Diameter, bx (µm) 50.6 
Length, by (µm) 502 
Number of fringes (stationary) 16 
Half angle of intersection, 0 in air 5.76 
Fringe spacing, X. (µm) 
3.15 
Frequency to velocity conversion 
3.15 
factor (m/s/MHz) 
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2.4.4 Signal processing and data acquisition 
A frequency counting technique was used to perform both ensemble-averaged and 
time resolved measurements. An ensemble of a random process is an average over 
repeats of an experiment. In LDA measurements the "experiments" consist of 
measuring instantaneous velocities over a given number of Doppler bursts. By 
averaging the measured velocities, mean and r. m. s. velocities (ensemble-averages) at 
a point in the flow are determined. Time-resolved measurements involve the 
recording of instantaneous velocities at given time intervals over a period of time. 
The time intervals can be either equally or randomly spaced. The reciprocal of the 
time interval in equal-spaced data is called sampling rate (or frequency) and 
expresses the number of samples recorded per second. Equally spaced data are time 
series of velocity points which can be analysed to determine both frequency spectra 
(providing information on the characteristic frequencies of the flow) and 
autocorrelation functions (providing information on the time correlation between 
adjacent fluctuations in the flow). 
Although most processing tools require equally spaced data, the instantaneous LDA 
velocity measurements are randomly distributed in time. Different interpolation 
techniques can be adopted (zero-order, linear, etc.. ). The most common one is the 
zero-order interpolation used to reconstruct the set of data in which the signal is 
sampled at the arrival time of each validated burst. Each velocity value so determined 
is held until another valid signal arrives. This procedure, adopted also in the present 
investigation, is known as hold-and-sample procedure and is recommended for high 
data rate and low burst density conditions. A flow with low data rates can be sampled 
randomly since there is no need to satisfy the Nyquist criterion as described below. 
Spectral analysis techniques are also available for randomly sampled data. The most 
important factors in taking time resolved measurements are, therefore, both the 
validated data rate and the sampling rate. Sampling at high frequencies will yield 
correlated and redundant data, while sampling at low frequencies will lead to 
confusion between high and low frequency components in the original data. In order 
to define a frequency component in the original signal two samples per cycle are 
necessary. Therefore, if h is the sampling time interval and 1/h the sampling rate, the 
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highest frequency that can be resolved is 1/2h Hz. The cut-off frequency can be 
defined as: 
I/ 2h (2.16) 
This frequency is called the Nyquist frequency. Frequencies above v, are aliased with 
those in the range 0«v«v, In order to overcome this limitation h is chosen 
sufficiently small so that no frequencies higher than the cut-off frequency will exist 
in the flow (cut-off frequency 1.5 -2 times greater than the maximum anticipated 
frequency), or the data are filtered prior to sampling so that information above a 
maximum frequency of interest is "cut-off". According to Bendat and Piersol (1971) 
choosing v, =1/ 2h would give accurate results for frequencies below v,. 
Another limitation in the choice of the sampling frequency is the phase ambiguity 
noise, arising from the possibility that two or more particles could be crossing the 
control volume at a given time. The frequency at which phase ambiguity noise 
becomes a significant factor can be estimated (Kresta, 1991) from the wavenumber, 
91, as defined by Hinze (1975) and the diameter of the measurement volume, b1, for 
measurements in the axial direction: 
91= 2nv/U = 1/b,, (2.17) 
Above that frequency, the spectrum will be composed of white noise. In the present 
investigation the frequency estimated from the above formula was found to be higher 
than the corresponding sampling rates, at all the measurement locations, so that phase 
ambiguity noise was not expected to be significant. 
In this investigation, both equally spaced and randomly distributed in time data were 
obtained and analysed. Equally spaced data were used to determine frequency spectra 
and to filter out periodical components, while randomly distributed ones were mainly 
used to analyse velocity probability distributions and to determine their skewness and 
kurtosis as well as to better re-construct time-velocity traces. 
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The Doppler signal from the photodetector was firstly pre-amplified and then fed to a 
TSI frequency counter, model 1990B. The counter was equipped with a built-in 
variable gain and band-pass filters and a fixed threshold level of 50 mV, for 
amplitude validation. The pre-amplified signal was fed to the counter where it was 
band-pass filtered for noise and pedestal removal and then amplified by the variable 
gain. The pedestal is a low frequency component of intensity variation that appears in 
addition to a burst of a differential Doppler frequency even when the signal quality is 
perfect (i. e. the particle passing through the centre of a fringe pattern produced by 
intersecting beams of equal intensity) and is associated with the particle size and 
path. The quality of the signal was monitored with a dual channel oscilloscope 
(Hitachi model V-525). 
The counter operated in the "single measurement per burst" mode. In order to 
determine the Doppler frequency, the time taken to complete a prescribed number of 
fringes was measured. The timing was started when a threshold is exceeded and stops 
after a given number of cycles. In order to reject results whose accuracy was dubious 
a common counting validation technique, described here below, was adopted. Errors 
can arise if the signals are obtained by particles which do not pass through the control 
volume, if there are not enough cycles left in a burst after exceeding the threshold, if 
a second particle crosses the fringes during the timing period, or if the period starts in 
one cycle and ends in another. The validation procedure entailed comparison of two 
measurements of the period of the Doppler signal using different numbers of cycles. 
A measurement is considered valid when the time required for 5 cycles in the 
Doppler burst agrees with that for 8 cycles within a tolerance limit of 3%. The 
counter was interfaced to a PC with appropriate data acquisition software. 
Data analysis 
Blocks ranging between 5,000 and 15,000 samples of time-resolved measurement 
recordings were acquired at each location. A typical velocity recording in pulsating 
flow was shown in Figure 2.4. Two commercial software packages, 
MATHEMATICA and MATLAB, were used for the analysis of the data. Both 
applications are equipped with built-in functions for Fast Fourier Transforms, which 
is the principal tool in analysing time-resolved measurements. 
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Analysis of the data included the estimation of amplitude and power spectra4 as well 
as the filtering of periodic components. A typical amplitude spectrum, corresponding 
to the velocity recording in Figure 2.4, is shown in Figure 2.8. The notch-filtering 
technique was selected to filter the frequency spectrum in order to remove any 
frequency associated with the variation of the mean flow. Fourier and inverse Fourier 
Transforms, amplitude and power spectra definitions as well as the notch- 
filtering technique are well known and can be found briefly described in Balabani 
(1996). 
A numerical algorithm was also developed using MATLAB in order to determine the 
skewness and the kurtosis of the velocity probability function. The skewness (Sk) 
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The skewness is equivalent to the third central moment divided by the standard 
deviation cubed. Positive skewness indicates a distribution with a long right tail 
(skewed to the left), whereas negative skewness indicates a distribution with a long 
left tail (skewed to the right). Therefore, the skewness is a measure of symmetry, or 
more accurately, the lack of symmetry. A distribution, or data set, is symmetric if it 
looks the same to the left and right of the centre point. The skewness for a normal 
distribution is zero, and any symmetric data should have a skewness near zero. 
The kurtosis is equivalent to the fourth central moment divided by the standard 
deviation to the power of four. It is a measure of whether the data are peaked or flat 
relative to a normal distribution. That is, data sets with a high kurtosis tend to have a 
The amplitude of the spectrum is defined in terms of the power spectral density (PSD) that is the 
distribution of power in each frequency interval. In the present investigation FFT procedures (a 
periodogram) were employed for the estimation of the PSD. 
'" IVY/Aý 
Chapter 2 Flow configuration and experimental techniques 50 
distinct peak near the mean, decline rather rapidly, and have long tails. Data sets with 
low kurtosis tend to have a flat top near the mean rather than a sharp peak. The 
kurtosis for a standard normal distribution is 3. 
2.4.5 Measurement errors and uncertainty 
A brief description of the major errors involved in the present experimental 
investigation is given below (see also Balabani, 1996). 
2.4.5.1 Positional errors 
A transverse mechanism was used to move the control volume throughout the tube 
bundle model and to measure its y and z co-ordinates. The x co-ordinate was instead 
measured by means of a linear encoder. Positional errors can arise from the accuracy 
of the transverse mechanism and the linear encoder in positioning the control 
volume, from the dimension of the control volume as well as from the accuracy in 
locating the measurement volume at a reference point. 
The positional accuracy was 0.05 mm in the y and z directions, and 0.01 mm in the x 
direction respectively. Due to the fact that all measurements were taken on the same 
z=0 plane, positional errors related to the reference point location were minimised 
by re-setting the latter only in the x-direction as each tube row encountered. The error 
associated with positioning the control volume at a reference position was estimated 
to be equal to 0.25 mm in the y direction, 0.42 mm in the z-direction and 0.025 mm 
in the x direction. 
2.4.5.2 Frequency shifting 
The frequency shifting needed to resolve directional ambiguities was produced by a 
diffraction grating, which, as already mentioned, was driven by a bi-directional d. c. 
motor. The variations in the rotational speed were minimised by "padding out" the 
potentiometer of the d. c. motor with resistances so that the control voltage range was 
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reduced. The motor speed was equal to 12,000 ±6 rev/minute, with a maximum 
r. m. s speed variation of 0.05% and a maximum speed fluctuation oft 1%. According 
to Melling (1977), the errors introduced by such variations on the r. m. s. velocities 
measured are negligible. 
2.4.5.3 Bias effects 
Due to the fact that more fast particles cross the measurement volume than slow 
particles in a given time, the velocity probability distribution will be skewed toward 
higher velocities, that is, the number of measurements at higher velocities will be 
greater than at low velocities. This will obviously bias the calculation of statistical 
quantities formed by ensemble-averaging the validated measurements: giving to all 
measurements the same weight will give a mean velocity that is too high. Therefore, 
the corrections to the velocity biased errors consist of determining the most 
appropriate quantity to weight the particle velocities with. For turbulent 
measurements especially of high intensity both residence, or transit time (Buchhave 
et al, 1979; George, 1975) and arrival time (Duräo et al, 1980), directly related to the 
transit time, were suggested and used as weights for the velocity data. The first 
method is implemented if the counter registers together with the Doppler frequency 
the residence time for each measurement. The counter used in the present 
investigation could not provide this information. Duräo and Whitelaw (1976) 
overcame the bias introduced by the correlation between arrival time and velocity by 
randomly sampling the already discretised sample. The method has the disadvantage 
that a great number of data is not processed. 
Halim and Turner (1986) applied both the residence and arrival time weighting to the 
velocity measurements taken in a tube bundle in cross flow. The results of their 
investigation did not show clearly the benefit of the two techniques. Although Halim 
(1998) concluded that the arrival time weighting was a better method, due to the 
uncertainties associated with the effects of these errors and the type of bias correction 
to be used, the velocity data in the present investigation were not bias-corrected 
(Balabani, 1996). Another bias source, with opposite effect, that is, skewing the 
probability density function toward lower velocities, may occur due to the averaging 
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characteristics of the photomultiplier, which mitigates the velocity bias and reduces 
the overall bias effect (Yianneskis, 1982). However, Durfo et al (1980) showed that 
the errors introduced by both the velocity and photomultiplicr effect may be 
insignificant for a large range of flow configurations. Thus, such bias effects arc not 
expected to influence significantly the trends shown by the present data. 
2.4.5.4 Broadening effects 
Different effects can cause the p. d. f. of the Doppler frequency to be wider than that of 
the true velocity (broadening effect). The most usual sources of broadening are: 
1. small scale velocity fluctuations within the measurements volume (Q? ) 
2. gradients in the mean velocity (a12 ) 
3. the finite time taken by scattering particles to cross the measurements volume 
(Cr 2) 
4. instrument broadening (Q 2) 
5. brownian motion and laser linewidth 
If the last effect (5) is neglected, as suggested by Durst et al (1976), the total mean 
square contribution of broadening errors, Qb2, is given by: 
Qb2= Of f Q82 + Qt2 + C2 (2.20) 
The mean square of the fluctuations that is measured is, therefore, the sum of the 
actual flow velocity fluctuation Q2 and the broadening contribution ab2: 
Qd2_ Qv2 + Qb2 (2.21) 
Contributions (3) and (4), due to transit time and instrument broadening respectively, 
have been proved not to affect the measurements taken with a frequency counter, 
which was used in the present investigation for signal processing (Lee, 1995). We 
can therefore re-write equation (2.21) as follows: 
ade = aV2 + Of + aS2 (2.22) 
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George and Lumley (1973) estimated the broadening contribution due to fluctuations 
in the velocity of a particle crossing the finite control volume as a function of the 
dissipation of turbulence energy and the standard deviation of the length of the 
measurement volume. The correction suggested therefore is subject to the estimation 
of these two terms and is consequently quite complex to evaluate. This broadening 
error was estimated by Melling (1975) to be of the same order of the velocity 
gradient broadening. The latter occurs when the control volume is located in a region 
of steep velocity gradients. Particles crossing the measurement volume through 
different sections will have different velocities; the steeper the velocity gradient and 
the larger the control volume, the higher the broadening and skewing of the Doppler 
frequency spectrum. Suen (1992) estimated the broadening effect in a flow with 
similar velocity gradients to be of the order of 2% in most regions of the flow and 8 
% in regions of highly non-linear gradients. However, due to the small dimensions of 
the control volume employed in this investigation, the error is expected to be 
minimal. 
2.4.5.5 Count ambiguity 
The frequency of a burst signal can be determined, as already mentioned, by 
measuring the duration, ATN, of a predetermined number N of cycles in a signal burst, 
according to vd = N/OtN. A correct evaluation of the Doppler frequency presumes that 
the measurement of time is exact. However, an error arises when this time is 
measured by means of a counting technique. This error is called count ambiguity. 
The measurement is made by counting pulses generated by a clock of constant 
frequency, vt, within a gate started and closed between two zero crossings. The 
inherent resolution of these counters is ±1 count error in counting the pulses for a 
large number of gate openings, due to the fact that the gate containing the pulse train 
could open and/or close missing one pulse. If an ideal sinusoidal signal of frequency 
vd is considered, in the time A TI between two zero crossings the counter will generate 
f Ai1vt = Nj pulses. The maximum timing error, cc, can therefore be calculated to be 
1/vt, and the relative error, E/OT1: 
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cdeT, _ (iivt)ifT, = vdvt (2.23) 
which shows that the clock frequency has to be much higher than the burst frequency 
to minimise the error. For N zero crossings the relative counting error, ecN/OTI, is 
given by: 
E, r/OTi = vd/(Nvt) (2.24) 
This relationship shows that in order to optimise the signal processing system and 
reduce the timing errors all possible signal cycles should be utilised within a burst 
and the frequency of the electronic clock enhanced (Durst et al, 1976). In the present 
study the measured frequencies were not higher than 4 MHz, while the frequency 
counter had a 500 MHz oscillator. The resulting relative error over 8 cycles 
calculated from Equation (2.24) was, therefore, less than 0.1%. 
2.4.5.6 Statistical error 
The default maximum number of samples that could be measured by the data 
acquisition software was 22,000. Ensemble-averages of mean and r. m. s velocities 
were calculated by averaging 5,000 to 15,000 samples, depending on the data rate 
and the flow regions measured. Averaging over a finite number of samples can 
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where Zc is a confidence level function which has values 2.58,1.96 and 1.645 for 
confidence levels of 99%, 95%, 90% respectively and Tu the turbulence intensity. 
Eu(%) and E,,,, S(%) are the percentage errors in the mean and r. m. s. velocities 
respectively. Assuming a number of samples equal to 5,000, the errors on the mean 
and r. m. s. velocities were estimated to be about 1% and 2% respectively, assuming a 
turbulence level of 50% and a confidence level of 95%. Clearly, the errors are 
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smaller for larger samples. The accuracy and repeatability of the measurements were 
checked by repeating the measurements at least twice in every location. 
As already stated, no correction techniques were employed in the present study, but 
the errors were shown to be minimised by using a comparatively and appropriately 
small control volume and a dense measurement grid in regions of steep velocity 
gradients. Cheung (1989) and Suen (1992) quantified the accuracy of a similar LDA 
system to the one in the present investigation and in flows with similar spatial and 
temporal velocity gradients by assessing an overall error on the mean and r. m. s. 
velocities of 1%-S% and 5%-8% respectively, the higher values occurring in regions 
of steep gradients. Although no correction techniques were employed for some of the 
errors their magnitude is expected to be negligible and their effect on the present 
results insignificant. 
2.5 Heat transfer measurement technique 
A thermocouple heat transfer measurement technique was developed to facilitate 
surface temperature measurements in both the asymmetric test section with circular 
tubes and the in-line one with elliptic tubes. 
Asymmetric arrangement with circular tubes 
The technique made use of a duraluminium cylinder, 10 mm in diameter, equipped 
with a thermocouple and a cartridge heater to allow temperature measurements to be 
made under constant heat flux conditions. A T-type thermocouple 
(Copper/Constantan), 0.25 mm in diameter, was embedded into a longitudinal 
groove machined along the surface of the circular cylinder with its junction at the 
midpoint, while a stainless steel cartridge, 5.90 mm in diameter, was fitted inside to 
supply heat to the inside surface of the cylinder. Thermal glue was used to ensure 
good contact between the thermocouple and the cylinder. The heater was powered by 
a variable voltage 4c, power supply. Figure 2.9 shows a schematic of the 
instrumented cylinder. The instrumented cylinder was designed so that each time a 
Perspex cylinder in the tube bundle model investigated was replaced by the 
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instrumented one and the surface temperature distribution was obtained. Figure 2.10 
shows the modifications made to the wall of the test section to accommodate the 
instrumented cylinder and ensure leak proof operation. The instrumented cylinder 
was rotated by means of a stepping motor, with a step angle of 1.8°, so that the 
thermocouple could be positioned at various angular positions from the front 
stagnation point. It allowed, therefore, 100 angular positions to be measured around 
half of the cylinder circumference i. e. from the front to the rear stagnation point. As 
the 0.25 mm thermocouple diameter corresponds to a circumferential angle of 2.86° 
and the stepping motor had an angle resolution of 1.8°, it was decided to take 
temperature measurements at 7.2 degree intervals along the cylinder perimeter as the 
corresponding 50 angular positions that could be measured were sufficient to obtain 
an accurate surface temperature distribution. 
In-line arrangement with elliptic tubes 
A similar technique was developed for the elliptic tube bundle model. The elliptic 
shape did not allow the thermocouple to be positioned by simply rotating the 
cylinder and an instrumented elliptic cylinder was constructed by embedding 4 T- 
type thermocouples (Copper/Constantan), 0.25 mm in diameter, along its surface. 
The number of thermocouples and their position in the elliptic cylinder were 
determined by the geometry and dimensions of the elliptic cylinders. The 4 
thermocouples, positioned at 0,25,155 and 180 degrees respectively from the front 
stagnation point, allowed the temperature to be determined in 4 positions along the 
instrumented cylinder surface. A surface temperature profile was obtained by 
interpolation, assuming y-symmetry of the flow, and consequently, of the heat 
transfer field. 
Both the asymmetric tube bundle with circular tubes and the in-line one with elliptic 
tubes were modified to allow easy insertion and removal of both the Perspex 
cylinders and the instrumented one without disassembling as shown in Figures 2.11 
and 2.12. Figure 2.12 also shows the stepper motor attached to the instrumented 
cylinder for positioning. The thermocouple signal was firstly amplified and fed to a 
micro-controller interfaced to a PC. The micro-controller read the thermocouple 
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output and also controlled the stepper motor. The thermocouple was firstly calibrated 
by immersing it into a constant temperature bath and reading the corresponding 
amplified signal (VK4) on the PC. Subsequently, it was similarly calibrated when 
embedded into the duraluminium cylinder and the resulting calibration curve was 
adopted to evaluate the surface temperature from the VK4 readings. The calibration 
curve is shown in Figure 2.13, from which it can be seen that in the temperature 
range investigated there is a linear dependence between VK4 and T. The uncertainties 
on both the bath temperature and the temperatures measured from Vk4 amplified 
signal were ± 0.1 °C and 0.01 °C respectively. In order to minimise the axial heat 
loss due to conduction through the cylinder, the end of the instrumented cylinder was 
made of Teflon. The bulk temperature was kept constant at 20 °C using a 
temperature control system as explained earlier in this chapter and was measured by 
inserting a thermocouple at the outlet of the tube bundle. Due to both the relatively 
small dimensions of the experimental apparatus and the flowrate adopted, the bulk 
temperature difference between inlet and outlet of the test section could be 
neglected. Measurements were taken only when the bulk temperature had reached a 
steady value. A study was carried out in order to determine the response time of the 
thermocouple and to establish the minimum time interval between measurements at 
different angular positions. It was found that it was sufficient to allow 1 minute to 
lapse before moving the thermocouple into the next angular position and take a new 
measurement. Mean temperature values were evaluated by averaging 10,000 
instantaneous temperature recordings. 
The Nusselt number was calculated by using the following expression: 
Nu= Qd 
kcA(T, -T.. ) 
(2.26) 
where Q is the electrical power dissipated in the cartridge heaters, that is Q= IV, 
where I is the current through the cartridge and V the voltage applied to it. T= and T. 
are the measured surface and bulk temperatures respectively, kc the thermal 
'Q is also the heat flux provided by the cartridge heater if the axial heat loss due to conduction is 
neglected 
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conductivity of the fluid at T«, d the diameter of the circular instrumented cylinder as 
well as the equivalent diameter of the elliptic one6. A is the heat transfer area, equal 
to icdL, with L the longitudinal length of the cylinders. It should be noted that the 
circular cylinder of the asymmetric array and the elliptic cylinder of the in-line one 
had the same heat transfer area and the equivalent diameter is defined on the basis of 
this. 
The uncertainty in the evaluation of the Nusselt number in the present study depends 
on several factors: manufacturing accuracy of the instrumented cylinders, positional 
error, uncertainties in the temperature measurements and in the estimation of the heat 
flux, Q/A. Positional errors as well as uncertainties in the temperature measurements 
can arise from the size of the thermocouples employed. However, the use of a 
comparatively small thermocouple with suitable characteristics (the diameter of the 
thermocouple subtended an angle of 2.86°), minimised the errors involved. The 
complex geometrical configuration of the instrumented cylinders, the heat losses, the 
imperfect matching between the thermocouple junctions, the thermal glue and the 
duraluminium thermal conductivities represent the main sources of uncertainty in the 
estimation of the heat flux and therefore of the Nusselt number. Despite the use of T- 
type thermocouples, a silver-epoxy glue (gap filling) to minimise thermal 
conductivity differences with the duraluminium cylinder and the use of the Teflon 
end cap to minimise the axial heat loss due to conduction, the uncertainty in the 
estimation of the heat flux remains the main source of uncertainty in the estimation 
of the Nusselt number. 
Although the repeatability of the measured Nusselt number was within 1%-3%, 
depending on the measuring location (higher in the front stagnation point and lower 
in the rear one), the systematic error related to the estimation of the heat flux may be 
as high as 15% (Ota et al, 1986; Ruth, 1983; Scholten et al, 1998). 
6 The equivalent diameter is defined as the diameter of an equivalent circular cylinder whose 
circumferential length is equal to that of the present elliptic cylinder, that is, 10 mm. 
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2.6 Summary 
The water tunnel facility used, the tube bundle models investigated and the flow 
measurement techniques employed were described. The experimental facility 
previously employed in ECLAT, King's College London, was re-assembled and 
modified in order to introduce an oscillating component to the flow approaching the 
tube bundle models to be investigated. The pulsation waveforms generated by the 
rotating valve were also analysed and proved to be nearly sinusoidal, with at least 
95% of the pulsation energy at the fundamental frequency. The three unconventional 
tube bundle models constructed and tested were extensively described: one 
asymmetric arrangement with circular tubes and two in-line arrangements, one with 
elliptic tubes and the other with drop shaped tubes. 
The LDA experimental technique was briefly described. The principal sources of 
uncertainties in the LDA system, varying with measurement location, number of 
samples and with the local characteristics of the flow field, were analysed. No 
correction techniques were employed in the present study, but the errors were 
minimised by using a comparatively small control volume and a dense measurement 
grid in regions of steep velocity gradients. The overall error on the mean and r. m. s. 
velocities was estimated to be of 1%-5% and 5%-8% respectively. Flow visualisation 
was adopted as an additional tool of investigation in the present study, mostly to 
complement the LDA measurements. The flow visualisation technique used was 
described. Finally a description of the heat transfer technique adopted for surface 
temperature measurements was given. Both the asymmetric test section and the in- 
line one with elliptic tubes were modified in order to accommodate an instrumented 
cylinder for surface temperature measurements. The overall error in the evaluation of 
the electric power, Q, was estimated to be as high as 15%. 
The following chapter presents the flow measurements taken in the arrangement with 
elliptic cylinders using the techniques described above, i. e. LDA and flow 
visualisation. 






Figure 2.1. Schematic diagram of the experimental facility. 
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2b= short axis [6.5 mm] 












Figure 2.2 (a). Cross-section of the in-line tube bundle with elliptic tubes'. 



























' All dimensions in Figures 2.2 (a)-(c) are expressed in mm. 


































Figure 2.3. Co-ordinate system employed in the present study. 
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Figures 2.4. Typical time traces of (a) instantaneous velocity, u, upstream of the test 
section (x/SL = -1.0, y/ST = 0.0); (b) corresponding oscillatory velocity component, 
U.; (c) superimposition of u and U, K. 
Pulsating flow (ff = 10 Hz, Re = 1,755). 
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Figure 2.5. Frequency shift and beam splitting produced by the diffraction grating. 
Zero and first order beams are shown only. 
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Figure 2.6. Fringe pattern produced by intersecting beams in the dual beam Doppler 
technique. 
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Figure 2.8. Amplitude spectra for the trace shown in Figure 2.4. Pulsating flow (fd = 
10 Hz, Re = 1,755; X/SL = -1.0, Y/ST = 0.0). 
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Figure 2.9. Drawings of the instrumented cylinder used for heat transfer 
measurements. 
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Figure 2.10. A schematic diagram of the modifications made to the tube bundle 
models to accommodate the instrumented cylinder. 
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Figure 2.11. Modified in-line tube bundle model to allow easy insertion and removal 
of both the Perspex cylinders and the instrumented one. 
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Figure 2.12. Photographs of the modified asymmetric tube bundle model. The 
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Figure 2.13. Calibration curve of the T-type thermocouple embedded into the 
duraluminium cylinder. 
CHAPTER 3* 
Velocity Characteristics of an In-Line 
Array with Elliptic Cylinders 
3.1 Introduction 
The present chapter describes an experimental investigation of the flow past an in- 
line array with elliptic cylinders in cross-flow. The water tunnel experimental facility, 
the tube bundle arrangement and the LDA system employed have already been 
described in Chapter 2. % 
The array was composed of six rows and three columns of cylinders. Two of the 
columns comprised half elliptic cylinders, which were fixed on the side walls to 
minimise boundary layer effects and simulate an infinite tube bundle. The elliptic 
cylinders were designed so that the heat transfer area is kept the same as that in the 
tube bundle models with circular tubes and were manufactured from cast acrylic 
material using a CNC machine. The major axis of the elliptic tubes, 2a, was equal to 
13 mm and the minor one, 2b, equal to 6.5 mm (i. e. the axis ratio and the 
eccentricity, e, were equal to 1: 2 and 0.87 respectively). The longitudinal pitch ratio, 
SL/2a, was 1.6 and the transverse one, S12b, approximately equal to 5.5. 
Measurements were taken at the plane of symmetry (z = 0.0 mm) in the region 0.0: 5 
x/SL <_ 5.88 and 0.0: 5 y/ST 5 0.5 since the flow approaching the bundle was found to 
be two-dimensional and the interstitial flow was found to be symmetrical with 
respect to the x-axis. Therefore, all the velocity profiles shown in the present chapter 
assume symmetry with respect to the x-axis and are plotted from - 0.5: 5 y/STS 0.5. 
According to the literature (Modi and Dikshit, 1974), for a zero angle of attack, a= 
0 Some of the results shown in this chapter appear in: Castiglia, D.. Balabani, S., Papadakis, G. and 
Yianneskis, M. (2001) "An experimental investigation and numerical study of the flow past elliptic 
cylinder arrays", Proceedings of IMechE, Part C, Vol. 215, pp. 1287-1301. 
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0, and a uniform upstream velocity profile, the wake behind an elliptic cylinder is 
symmetrical. Ensemble-averaged and time resolved measurements were taken in the 
above arrangement in both steady and pulsating flow conditions and a flow 
visualisation study was carried out for Reynolds number ranging from 638 to 6,760 
and driving frequencies ranging from 7 Hz to 14 Hz. 
3.2 Steady flow conditions 
3.2.1 Mean velocity distributions (Re = 6,760) 
Detailed ensemble-averaged measurements of the axial and radial mean velocities 
were taken at Re = 6,760. The bulk velocity upstream of the bundle, U.., was equal to 
0.854 m/s and the working fluid was water. The corresponding Re and flowrate were 
6,760 and 265 Um respectively. Re is defined by the minor axis, 2b, and the 
maximum velocity at the gap between adjacent tubes in a row, UB, which is equal to 
1.22U.. (1.04 m/s) for the arrangement investigated. The equivalent Reynolds number 
defined by the upstream bulk velocity and the hydraulic diameter of the duct 
upstream of the bundle was 61,398. According to the literature (Lukauskas, 1972), 
under these conditions the flow regime is subcritical, characterised by laminar 
boundary layer separation. 
In order to study the effect of the Reynolds number on the velocity characteristics of 
the array as well as the effect of flow pulsations, velocity measurements were also 
taken at Re = 1,755 behind each row. The mean velocity vectors are shown in Figure 
3.1. It should be mentioned that due to optical access restrictions, the axial mean and 
r. m. s. velocity components, U and u' respectively, were measured at only one 
transverse plane behind each row and halfway between adjacent rows (XJSL = 0.5, 
where x, is the distance from the centre of the cylinder). Accordingly, the vector plots 
show the velocity vectors in those locations where both the mean (U, u) and radial 
(V, v') velocities were measured. 
As expected, the flow field is characterised by areas of high and relatively 
uniform velocity at the flow passages between tube columns and low velocities in the 
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wake regions. Flow reversal is evident only behind the first row, at the plane X/SL 1-- 
0.5. Although not clear from the vector plot, the outer edge of the shear layer 
separating from the second cylinder widens in the downstream direction and the 
radial component becomes more significant at an increasing distance from the 
centreline. Vectors are uniform and vertical on the entrance to the tube bank, and 
deflect slightly as the fluid passes through the gap between successive rows. At the 
exit of the tube bundle all the velocity vectors are directed inwards. The distribution 
of the axial mean velocities, U/U.., is shown in Figure 3.2 (a) and Figure 3.2 (b) as 
profiles and contours, respectively. Positive axial mean velocities indicate velocities 
in the downward direction. Figure 3.2 (a) shows that the axial mean velocity profile 
upstream of the tube bundle is uniform within 1% (x/SL _-1.0). The velocity profile 
in the free stream between tubes in the first row appears also to be uniform and 
consequently, due to the low speed region in the wake, a steep velocity gradient can 
be observed across the corresponding shear layer. Velocity gradients become 
progressively less steep in the downstream cylinders both because the turbulence 
generated in the wakes spreads to the rest of the flow domain, increasing the lateral 
mixing, and the recirculation becomes less pronounced. Figure 3.2 (b) shows the 
axial mean velocity distribution, U/U.,, in contour plot form'. Velocities are 
approximately equal to the upstream bulk velocity, U.., in the free stream, indicating 
very little interference from the neighbouring tubes in the transverse direction. In 
other words, due to the large transverse spacing the flow is similar to the flow over a 
single column of elliptic tubes. Flow reversal is pronounced only behind the first 
row, where a steep velocity gradient can be observed as the shear layer separates; a 
weak flow reversal is observed again behind the second and third row. 
Figure 3.3 shows a comparison of the axial mean velocity profile (normalised by the 
upstream bulk velocity U. ) along the flow passage (y/ST = 0.5) with that of an in-line 
array with circular cylinders2 (Balabani, 1996; Balabani and Yianneskis, 1996). The 
profiles exhibit a similar trend; the magnitude of the velocities increases in the 
downstream direction with relative maxima in locations that lie between 
A small area adjacent to the cylinders was left undefined in all the contours shown since interpolation 
by assuming zero values at the wall led to an unrealistic representation of the distributions in that 
region. 
2 The two in-line arrays have the same longitudinal and transverse spacings. The diameter, d, of the 
circular cylinders was equal to 10 mm. 
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neighbouring cylinders in a row but is generally lower in the elliptic array than in the 
circular one, particularly behind the first, third and fourth rows. It is only behind the 
second row that the two arrays exhibit velocities of the same magnitude. Figure 3.4 
(a) shows the comparison of the axial mean velocity profiles, U/U», between the two 
arrays in the wake of the first cylinder. The profiles were plotted against y/d*, where 
d* corresponds to either the cylinder diameter (d = 10 mm) or the minor axis (2b = 
6.5 mm) for the circular and elliptic cylinders respectively. It can be seen that when 
the transverse locations are normalised by d* the velocity distributions are very 
similar with both the maximum and minimum velocity magnitude occurring at 
approximately the same dimensionless locations. The velocity magnitude is slightly 
higher in the shear layer and the recirculation more pronounced in the circular 
cylinders than in the elliptic ones. Figures 3.4 (b)-(d) show the comparison of the 
axial mean velocity profiles, U/U.  between the two arrays downstream of the 
second, third and fourth rows respectively3. The velocity magnitude is generally 
slightly higher in the array with circular cylinders with the exception of the profile 
downstream of the second row. In contrast to the first cylinder, the recirculation is 
slightly more pronounced in the array with elliptic cylinders, but the difference is 
negligible and decreases in the downstream direction. 
The distribution of the radial mean velocities, V/U.., is shown in Figure 3.5 (a) and 
Figure 3.5 (b) as profiles4 and contours, respectively. Negative radial velocities 
indicate velocities in the inward direction. The profile on the entrance to the tube 
bundle (X/SL = 0.0) shows a significant variation of the radial mean velocity 
magnitude along the transverse direction; a similar trend although with a smaller 
magnitude is observed at x/SL = 0.11. The V/U.. profiles become more uniform in the 
downstream direction with the exception of those halfway between successive rows. 
These exhibit, in fact, a reverse trend. The radial mean velocity profiles exhibit a 
negative relative maximum, which increases in magnitude and occurs closer to the 
centreline in the downstream rows. The velocity profile downstream of the first row 
3 Two profiles for the circular cylinders are compared with one for the elliptic ones as measurements 
were not taken along the same x-planes. The two profiles for circular cylinders can be averaged to 
approximate the profile at the same x-plane as the one for the elliptic cylinders. 
" Note that the normalised radial velocity, V/U.  in Figure 3.5 (a), was multiplied by a factor 6 in order 
to magnify the profile velocity gradients. 
Chapter 3 Velocity characteristics of an in-line array with elliptic tubes 73 
shows also a relative positive maximum at y/ST = 0.06 (y/2b = 0.33) due to the strong 
recirculation in this region. The contours in Figure 3.5 (b) show that the transverse 
mean velocities have near zero values along the flow passages and generally low 
negative values in the vicinity of the tubes after each row is encountered. The radial 
velocity distribution appears slightly more uniform than in the configuration with 
circular tubes studied by Balabani (1996). In both cases low positive velocities were 
recorded on the shoulder of the penultimate row cylinder, but in the arrangement with 
circular tubes low positive values were also observed over the shoulder of the last 
row cylinder. 
3.2.2 Turbulence level distributions (Re = 6,760) 
In order to visualise the turbulence characteristics of the tube bundle the measured 
axial and radial normalised r. m. s. velocities, u'/U.., and v'/U», have been plotted and 
are shown as both profiles in Figures 3.6-3.9, and as contours in Figure 3.10. Figures 
3.6 (a) and 3.7 show the axial r. m. s. velocity profiles throughout the whole array and 
a comparison of the axial r. m. s. velocity profiles along the flow passage between the 
present in-line array with elliptic tubes and an in-line one with circular tubes 
respectively, whereas Figures 3.8 and 3.9 show a closer comparison of the axial 
r. m. s. velocity profiles obtained behind each row. The turbulence intensitys upstream 
of the test section (x/SL = -1.0, y/ST < 0.5, z=0.0 mm) was nearly constant and equal 
to 0.058. 
The radial r. m. s. velocity component, v', was measured only halfway between 
successive rows (xiSL = 0.5), that is, the plane where u' could also be measured, due 
to optical access restrictions. In the present work, measurements were taken only at 
positive values of y/ST and symmetry was assumed around the centreline. 
The normalised axial r. m. s. velocities (Figure 3.6 (a)) are relatively low behind the 
first cylinder, but start rising downstream of the second row. The peak velocity 
fluctuation (X/SL = 0.5) behind the first cylinder was recorded at a distance of y/ST = 
0.11 (y/2b = 0.6) from the centreline. Its location can be taken approximately as the 
s The turbulence intensity here is defined as the ratio of the fluctuating component in the direction of 
the flow (u) to the local axial mean velocity (U), that is, Tu = u'/U. 
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position of the vortex core at that station. The r. m. s. peak occurred closer to the 
centreline in downstream locations. Behind the last cylinder this position was 
recorded at approximately y/ST = 0.055-0.069 (y/2b = 0.3-0.38). This value is in very 
good agreement with the one extrapolated by the results of Modi and Dikshit (1974) 
for a single elliptic cylinder. The r. m. s. values behind the last row cylinder are 
significantly higher than those measured in previous rows. The normalised radial 
r. m. s. velocities (Figure 3.6 (b)) are also relatively low behind the first cylinder, but 
start increasing downstream of the second row. The radial r. m. s. velocity profile 
behind the first cylinder is very similar to that of the axial r. m. s. velocity. A peak 
velocity fluctuation was, in fact, recorded at the same location, that is y/ST = 0.11 
(y/2b = 0.6) and a relative minimum at y/ST = 0.0. This trend is reversed in 
downstream rows: the r. m. s. velocity magnitude behind each row increases from y/ST 
= 0.5 to y/ST = 0.0 where it reaches a maximum. The magnitude of the maximum 
also increases in downstream locations. 
Figure 3.7 shows a comparison of the axial r. m. s velocity profiles along the flow 
passages (y/ST = 0.5), (u'- u'ps)/Ue., where u'ps is the upstream axial r. m. s. velocity 
magnitude, with that of the in-line array with circular cylinders. The value of the 
upstream axial r. m. s. velocity was subtracted from the local one in order to take into 
account the different upstream turbulence levels between the two arrays. The 
turbulence levels remain nearly constant along the flow passages of the elliptic 
cylinder array in contrast to the gradual and significant increase of the r. m. s. velocity 
in the downstream direction in the array with circular cylinders. At this point, it is 
worth mentioning that in the wake of a bluff body two regions can be identified: 1) 
the immediate vicinity of the body where the separated shear layers undergo 
transition to turbulence and roll into vortices; 2) the far wake, where the vortices 
diffuse and dissipate forming a turbulent field; the first region is referred to here as 
the "near wake". It was not possible to identify a far wake behind the first five rows 
due to the presence of the downstream cylinders obstructing the flow. However, it 
was possible to identify, by averaging over a large time (compared to the shedding 
period), a "mean recirculation region" (Williamson, 1996) in the near wake, which is 
symmetric and closed. Its width (which will be referred to as wake width) is confined 
within the inner edge of the shear layer separating from the upstream cylinder and is 
defined by the lateral distance between the vortex centres on each side of the 
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centreline. According to the literature (Hooker, 1936), the maxima velocity 
fluctuations do not occur along the path of vortex centres but they rather develop in 
the neighbourhood of the core farthest from the centreline. As a result, the distance 
between the peaks on each side of the centreline overestimates the wake width, but 
the error is negligible. Figure 3.8 shows how the wake width decreases in 
downstream rows from about 8 mm behind the first row to about 3.5 mm behind the 
last one. Unfortunately the axial r. m. s. velocities were measured only at one station 
behind each row and therefore no additional information could be extracted about the 
wake geometry, such as the longitudinal (L) and lateral spacing (W) between 
vortices, the wake geometry ratio (W/L) and the vortex formation length. The flow 
region confined by the outer edge of the opposite shear layers enlarges consistently 
downstream in the tube bank. Figure 3.9 demonstrates how the turbulence levels 
increase in the downstream direction. The separation of the boundary layer from the 
cylinders and the vorticity generated on the upstream side of subsequent cylinders 
increase the turbulence intensity in the free stream of the subsequent rows. On the 
contrary, at the lower Reynolds number investigated (Re = 1,755), the r. m. s. 
distributions measured behind each row (not shown here for brevity) were found to 
be more uniform. The arrow in Figure 3.9 highlights how the regions of steep r. m. s. 
velocity gradients move further away from the centreline in downstream locations. 
Figures 3.10 (a), (b) show the distribution of the axial, u'/U_, and radial, v'IU», 
r. m. s. velocities respectively in contour form. The turbulence is generated primarily 
in the wake regions and spreads slowly to the rest of the flow domain. In general, the 
distributions look very similar for both components. Both the axial and radial r. m. s. 
velocities increase in the downstream rows. However the axial r. m. s. velocities are 
slightly higher than the radial ones as the flow passes over the shoulder of each 
elliptic cylinder. The radial r. m. s. velocities are slightly higher than the axial ones in 
the wakes of the first three rows cylinders but exhibit similar values further 
downstream. Turbulence can be considered fully developed from the fifth row 
onward. It is well known that the entrance effects reach more rows in in-line arrays 
than in staggered ones and this might be more pronounced in an in-line array with 
elliptic cylinders. In the wakes of the fifth and sixth rows both components reach a 
maximum value of 0.4UL. The above distributions indicate little turbulent mixing in 
the in-line configuration with elliptic tubes in comparison with the one with circular 
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tubes (Balabani, 1996). It should be noted however, that although the transverse 
spacing is the same for the two arrays, the elliptic cylinders have a smaller minor axis 
and therefore the free spacing between adjacent cylinders in a row is larger. 
Figures 3.11 (a)-(d) show a comparison of the axial r. m. s. profiles, (u'- u'p, )/U», 
between the two arrays downstream of the first, second, third and fourth row 
cylinders respectively. The radial co-ordinate, y, is normalised by d*, which is equal 
to d for circular cylinders and 2b for elliptic ones. With this normalisation, the peak 
velocities occur at the same dimensionless location for both arrays in a manner 
similar to that observed in the mean velocity profiles. The peak r. m. s. velocity occurs 
at y/d* = 0.6 behind the first row and shifts closer to the centreline further 
downstream in both arrays. Behind the first row the main differences between the 
axial r. m. s. velocities are concentrated in the wake region where the elliptic cylinders 
exhibit lower r. m. s. velocities by 20% on average. The r. m. s. velocities are in general 
lower than that of the circular cylinders further downstream. Behind the second row 
the magnitude of the peak r. m. s. velocity (0.22U») is 60% lower than that for the 
circular cylinders (0.35U.. ). The slight shift of the r. m. s. velocity peaks towards the 
centreline in both arrays shows that there is a similar decrease of the wake width in 
downstream rows. 
The distribution of the ratio of the r. m. s. velocities, Iv'- u'VU.., plotted in Figure 3.12 
assesses the degree of anisotropy in the turbulence generated by the tube bank. The 
difference of the two r. m. s. components is near zero over the whole flow domain 
indicating that the turbulence can be assumed highly isotropic. On the contrary, the 
turbulence in the wake regions of the in-line arrangement with circular tubes was 
found to be highly anisotropic, especially downstream of the third and fourth rows, 
where the two r. m. s. velocity components differed by up to 0.6U.. (Balabani, 1996). 
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Vortex formation length 
The vortex formation length, L1, behind the last cylinder was estimated at Re = 1,755 
and 6,760. The spacing between cylinders in a longitudinal row is so small that there 
is not a sufficient number of measurements to estimate the vortex formation length or 
other wake characteristics behind other row cylinders. The vortex formation length is 
defined here as the "distance downstream of the cylinder axis to a point where the 
r. m. s. velocity fluctuations arc maximised on the wake centreline, u'x" 
(Williamson, 1996). It is a measure of the length of the mean recirculating region in 
the wake of the cylinder, or simply, an indication of the distance at which the first 
vortex appears. Figure 3.13 shows the axial r. m. s. velocity profile along the 
centreline for both the Reynolds numbers studied. The r. m. s. velocities arc 
normalised with the peak r. m. s. velocity6 and the distance x, is measured from the 
cylinder axis and is normalised with the major axis of the cylinder. 
It can be seen that the location of the maximum r. m. s. velocity and consequently the 
vortex formation length depends on the Reynolds number, as expected. The vortex 
formation length normalised with 2a, W2a, is approximately equal to 1.035 for Re = 
6,760 and to 1.04 for Re = 1,755, i. e. the vortex formation decreases as the Reynolds 
number increases. According to the literature, the vortex formation length also 
decreases when the turbulence levels increase. It is expected, therefore, that 4 will 
be greater in upstream cylinders for both Re since turbulence levels are lower. This 
causes a decrease in the size of the vortices shed further downstream and, 
consequently, a narrowing of the mean recirculating bubble in downstream locations 
(Ljungkrona et al, 1991). Figure 3.8 shown earlier illustrated this continuous change 
in the wake width (Re = 6,760), indicated by the closer spacing between the r. m. s. 
peaks, in downstream rows. 
6 u'.. was chosen as normalisation factor in order to have the same normalised r. m. s magnitude 
(u',,,,, 1/u'. = 
1) at the location along the centreline where u' = u'.. for all flow conditions and behind 
all rows (see paragraph 4.2.2). The adoption of u.,,,, as normalisation factor facilitates therefore the 
comparison of the r. m. s relative variation along the centreline and of the vortex formation length with 
other authors (see Williamson (1996)) and between different rows of the same array. 
Chapter 3 Velocity characteristics of an in-line array with elliptic tubes 78 
3.2.3 Flow periodicity 
Time resolved measurements were taken at one station behind each cylinder (XJSL_ 
0.5 and y/ST = 0.11). Velocity spectra were estimated for Re = 6,760 and 1,755 
respectively in order to gain an understanding about the vortex shedding 
characteristics of the elliptic cylinders in the bundle. In order to evaluate the 
corresponding Strouhal number dependence on the Reynolds number, additional time 
resolved measurements were taken at xC/SL= 0.5 and y1ST = 0.125 in the range 1,157 
< Re < 5,206. Figure 3.14 shows typical power spectra behind each row at Re = 
1,755 and steady flow conditions. It can be observed that there is not any distinct 
periodicity behind the first three rows of the bundle. A weak frequency peak with f, 0 
= 4.7 Hz appears downstream of the fourth row. This peak is also detectable further 
downstream and its amplitude has increased significantly exhibiting a maximum 
value behind the fifth row. Figure 3.15 shows power velocity spectra obtained at 
exactly the same location for Re = 6,760. The spectra indicate that the vortex 
shedding frequency peak has shifted to a higher frequency, approximately equal to ff 
= 17.5 Hz. However, the Strouhal number maintains the same value, i. e., St = 0.11, 
defined by the gap velocity and the minor axis of the elliptic cylinders, 2b. The 
spectra show similar characteristics with those obtained at the lower Reynolds 
number. However, the spectra in Figure 3.15 show a vortex shedding peak behind the 
third row implying that by increasing the Reynolds number the flow periodicity 
moves to upstream rows. The amplitude of the vortex shedding peak increases in 
downstream rows and reaches a maximum downstream of the fifth row, as in the case 
of lower Reynolds number. The absence of a vortex shedding peak in the front rows 
might be attributed to the fact that the shear layer separating from the cylinders 
reattaches on the downstream rows. This has been confirmed by flow visualisation. 
Different characteristic lengths and velocities have been used in the literature to 
define the Strouhal number for elliptic cylinders. In Table 3.1 the Strouhal number 
values based on various definitions are given for both Re = 6,760 and 1,755. For 
comparison, the Strouhal numbers observed in an equivalent array with circular 
cylinders by Konstantinidis et al (2000) and in a single elliptic cylinder with an axis 
ratio b/a = 0.6 (i. e. slightly higher than the axis ratio of the cylinders used in the 
present investigation, b/a = 0.5) by Modi and Dikshit (1974) are also given. 
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The Strouhal number was defined by the minor axis of the elliptic cylinders, 2b, since 
in the present in-line array the flow was aligned with the major axis of the cylinders 
and therefore the minor axis was considered as their effective diameter (Modi and 
Dikshit (1974), Mittal and Balachandar (1996), Balachandar et al (1997)) and used as 
the reference length scale. This definition is useful since it can be used for 
comparison between flows over elliptic cylinders of various axis ratios. The lower 
Strouhal number value observed in the present array, in comparison to the St of a 
single elliptic cylinder and an equivalent array with circular cylinders, can be partly 
attributed to the relatively smaller free space between successive cylinders available 
for the vortices to be formed and shed. Table 3.1 shows that if the equivalent 
diameter d,, defined in the same table, is chosen, as characteristic length, the Strouhal 
number is higher than that for an array with circular cylinders and equal to either St = 
0.17 or St = 0.21, depending on the characteristic velocity adopted (Us or U», 
respectively). It is obvious, therefore, that the correct choice of the characteristic 
length to use in the definition of the Strouhal number is critical. As previously stated, 
the projected height of the cylinder, h, (i. e. the minor axis, for an ellipse at zero angle 
of attack) is commonly used by several authors as characteristic length to allow 
comparisons of St numbers between flows over elliptic cylinders of various axis ratio 
and angle of attacks; it is also used to define the Reynolds number (Mittal and 
Balachandar, 1996). Table 3.1 also shows that the Strouhal number for cylinders in 
an in-line array, is generally lower than that of single cylinders and this is true for 
both elliptic and circular cylinders. 
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Table 3.1. Strouhal number definitions and relative values for both Re = 6,760 and 
Re = 1,755 in the in-line array with elliptic cylinders. 
IN-LINE ARRAY WMI IN"LINE ARRAY WMI SINGLE ELLIPTIC 
ELLIPTIC CYLINDERS CIRCULAR CYLINDERS CYLINDER 
St St St 
Definition (Re = 6,760 and Re = 1,755) (Re' = 2,800) (Re" = 34,000) 






St = U. 0.21 0.19 - 0.28 
f 
+0h""' st= 
Uc 0.11 0.14 
f_h 








"ds is defined as the diameter of an equivalent circular cylinder. whose circumferential length is equal to that of 
the present elliptic cylinder, that is, de=10 nun. 
** 7be Reynolds number, Re, was defined using the cylinder diameter of the circular cylinders (d - d, s 10 mm) 
as characteristic dimension and the gap velocity. U,, as characteristic velocity, that is, Re - U. dtv. 
""" The Reynolds number, Re. was defined using the minor axis of the elliptic cylinder as characteristic 
dimension and the bulk velocity, U. as characteristic velocity, that is. Re - U. 2bly. 
****Tbc angle of attack in the present investigation was chosen equal to zero. By definition. the projected height. 
h= 2b for the elliptic cylinders and h=d for the circular ones. 
""""" Ur is here defined as a freestream velocity evaluated at X/SL = 0, y/ST M 0.5. 
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Figures 3.16-3.20 show spectra obtained in other Reynolds numbers. The spectra in 
Figures 3.16 show no distinct peak associated with vortex shedding activity behind 
the first row. As the Reynolds number increases the number and amplitude of peaks 
increases. The same trend was observed behind the second row (the corresponding 
spectra are not shown for brevity). The spectra in Figures 3.17 to 3.20 (note that the 
scale of the spectra in Figures 3.19 and 3.20 is different due to the higher amplitude 
peaks) show the presence of a distinct peak whose frequency shifts as the Reynolds 
number increases. The amplitude of the peaks also increases with Reynolds number 
and a number of low frequency peaks make their appearance. 
Although the spectra in Figures 3.17 and 3.20 exhibit similar trends, the variation of 
the amplitude of the vortex shedding peaks with the Reynolds number depends on the 
row depth. Figure 3.21 shows the variation of the peak amplitude versus Re in the 
wakes of the third, fourth, fifth and sixth rows. It can be observed that behind the 
third and fourth rows the amplitude increases smoothly with Re (the trend is 
approximately parabolic) in the range 1,157 < Re < 5,206. The values of the 
amplitude are similar between the two rows up to about Re = 2,300. For Re > 2,300, 
the amplitude of the vortex shedding peak behind the fourth row becomes 
increasingly higher than that behind the third one. The amplitude of the peaks behind 
the fifth and sixth rows, instead, increases moderately up to approximately Re = 
2,300. The amplitude values are similar behind these two rows but slightly higher 
than that observed in upstream rows. At higher Re there is a relatively abrupt increase 
of the peak amplitude behind the 5" and 6`h rows; for example, from Re = 2,300 to 
Re = 4,500 it increases up to 25% in relation to that recorded behind the second and 
third rows. For Re above 4,500, the amplitude of the vortex shedding peak behind the 
fifth row remains approximately constant. On the contrary, the one behind the sixth 
row increases first steeply, as mentioned, and then slightly up to an asymptotic value 
(reached at about Re = 5,200) that is approximately 70% of the one recorded behind 
the fifth row at the same Re. 
In general, at low Re the amplitude of the vortex shedding peaks increases 
moderately behind all rows examined and differences between rows are relatively 
small (they are almost negligible between the third and fourth rows). The differences 
in the amplitude of vortex shedding become significant at higher Reynolds number, 
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particularly between the first and the last row. Furthermore, at higher Re the 
amplitude of the peaks behind the fifth and sixth rows reach a constant value whereas 
amplitudes recorded behind the third and fourth rows, increase continuously in the 
Reynolds number range investigated. 
Figure 3.22 compares the shedding frequency, f,, obtained in the wake of the third, 
fourth, fifth and sixth rows (Figures 3.18-3.20) respectively as a function of the 
normalised gap velocity, U12b. For this comparison the data set for the X/SL = 5.5 
case was reconstructed by averaging the primary and secondary frequency peaks7 
detected for Ug/2b = 95.8 (Re = 4,050) and UW2b = 123.5 (Re = 5,206) (see Figure 
3.20). These frequencies were weight-averaged, the weight being their corresponding 
amplitude. A linear fit of all data was obtained and the following fs - Us/2b 
relationship was determined: 
f: =-0.14+0.11 UJ2b (3.1) 
Note that the slope of this equation is equal to the Strouhal number, that is St = 0.11. 
It should be noted that although Equation (3.1) does not apply to the first two rows, 
where prominent peaks could not be observed, it is valid for the rest of the bundle. It 
is interesting to note that the natural shedding frequencies estimated from Equation 
(3.1) for Re = 6,760 (Usl2b = 160) and 1,755 (Ug/2b = 41.5) are very close to the 
ones determined experimentally8; the spectra showed frequencies of 17.5 Hz and 4.7 
Hz respectively whereas Equation (3.1) yields frequencies of 17.4 Hz and 4.4 Hz. 
The difference between measured and estimated frequencies is slightly higher for the 
lower Reynolds number, probably due to the lower resolution in the spectra. In 
Figure 3.22 the shedding frequency for Re = 6,760 and Re = 1,755 is represented by 
black circles. The linearity of the Equation (3.1) confirms the existence of a constant 
Strouhal number as evidenced experimentally. 
7 The term "secondary frequency peaks" refers to peaks whose amplitude is lower than the dominant 
one. S Note that the experimental data corresponding to Re = 6,760 (Us/2b = 160) and 1,755 (Ui/2b = 41.5) 
were not used to obtain correlation (3.1). 
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3.3 Pulsating flow conditions 
A sinusoidal pulsation, Upul, = AUsin2nfat, was superimposed on the flow 
approaching the tube bundle, as explained in paragraph 2.3.2 in Chapter 2. The 
frequency, fd, and the relative amplitude of the pulsation, Aa = AU/U«, varied from 7 
Hz to 14 Hz and from 0.036 to 0.4 respectively. The Reynolds number was varied 
from 1,560 to 2,665. Detailed measurements were taken at fd = 10 Hz, and the 
corresponding axial mean and r. m. s. velocity distributions arc discussed below. 
3.3.1 Mean velocity 
Figure 3.23 shows a comparison between the axial mean velocity profiles in steady 
and pulsating flow (fd = 10 Hz, Re = 1,755). The relative amplitude of the pulsation, 
A0, was kept constant at 0.25 (E9 = AU/(2nfd2b) - 0.07). The integral of the velocity 
profiles evaluated at each station varies within 1% between steady and pulsating 
flow. The superimposed pulsations appear to affect the wake of the first cylinder 
mainly. In the immediate vicinity of the cylinder there is a significant decrease of the 
mean velocity in pulsating flow, due to more pronounced flow reversal. This velocity 
deficit is compensated in the shear layer where the velocities for pulsating flow are 
higher than the ones in steady flow. In the downstream wakes, the velocity profiles 
are similar for steady and pulsating flow. The velocity deficit in the wake decreases 
and is smaller than that for steady flow and its compensation occurs at increasing 
distances from the centreline, but always within the region - 0-5: 5 y/STS 0.5. 
3.3.2 Turbulence level distributions 
A comparison of the axial r. m. s. velocities measured in steady and pulsating flow is 
given in Figure 3.24. The r. m. s. values are based on the entire signal, and therefore 
9 The reduced amplitude, e, for the case of a fixed cylinder in an oscillatory flow, is equivalent to the 
parameter AU/d* for forced motion of a cylinder in a steady cross-flow (AU is the amplitude of the 
cylinder oscillations and d* its characteristic length). E is commonly employed by investigators of 
pulsating flows past single cylinders (see Barbi et al, 1986). The boundary zones of lock-on (see 
paragraph 3.3.3) are related to the reduced amplitude, e, as reported by Griffin and Ramberg (1976). 
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include 'a pseudo-turbulence' contribution by the variation of the mean flow due to 
pulsations. As a result, the r. m. s. values appear to be consistently higher for pulsating 
flow throughout the flow-field. In order to estimate the actual effect of the pulsation 
on the turbulence levels, the periodic contribution of the pulsations was removed by 
filtering the signal. Figure 3.25 shows a typical time trace of the axial mean velocity 
at X/SL = 0.0 and y/ST = 0.17 for pulsating flow (10 Hz) and Re = 1,755 (blue line). 
Superimposed onto the time trace (red line) is an ideal sinusoidal waveform with a 
frequency fd = 10 Hz and amplitude AU = 0.09 m/s, corresponding to the frequency 
and mean amplitude of the pulsations introduced to the flow. This waveform can, 
therefore, be described by the equation U1, = 0.09 sin(2tt x 10) (m/s)1° and can be 
used to approximate the pulsations introduced to the flow by the rotating valve. It is 
this waveform that was subtracted from the velocity signal to filter out the pseudo- 
turbulence contribution by the flow pulsation. 
It is well known that the r. m. s. of a sinusoidal signal is given by AU/4'2-. In the 
present investigation this value is equal to 0.06. This value should therefore represent 
the pseudo-turbulence introduced by the pulsations. The numerical value obtained by 
adding this contribution to the "real turbulence" measured in steady flow at the same 
Reynolds number, coincided, within the experimental error, with the r. m. s. velocity 
of the unfiltered signal in pulsating flow" (at x/SL= 0.0 and y/ST = 0.166). Therefore, 
we can conclude that in the entrance region as well as upstream of the tube bundle 
there is no significant effect of the pulsations on the turbulence of the flow. The 
increase in the r. m. s. magnitude of the velocity fluctuations observed when flow 
pulsations were superimposed can be attributed only to the pseudo turbulence 
introduced. For example, the turbulence intensity, u'IU, increases by about 75% 
across the freestream at x/SL = 0.5, but this is due to the variation of the mean 
velocities caused by the pulsations. 
10 Note that the amplitude of the pulsations was determined by the amplitude spectra (not shown for 
brevity) of the velocity periodic component. obtained by notch-filtering in the frequency domain the 
instantaneous velocity. 
" x/SL = 0.5, YIST = 0.5, Re = 1,755: recorded r. m. s. velocity in steady flow. r. m. s. = 0.04 m/s, 
calculated pseudo turbulence, r. m. s. = 0.06, recorded r. m. s. velocity in pulsating flow, r. m. s. = 0.07, 
therefore the r. m. s. unfilterd signal in pulsating flow = 0.042 +0.06 
2s0.07 
. 
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The most significant effect of the pulsations on the turbulence of the flow can be 
observed in the wake of the first cylinder. Figure 3.26 shows a comparison between 
the r. m. s. of the unfiltered signal (1) in pulsating flow and the steady one (2) in the 
wake of the first cylinder. The filtered signal (3) is also shown in Figure 3.26. It can 
be seen clearly that even when the contribution of the pulsations to the velocity signal 
is removed by filtering, the r. m. s. velocities (3) arc still higher than those in steady 
flow (2). The r. m. s. amplitude of the velocity fluctuations rises by about 170% when 
the flow is pulsed, but only 75% of this increase can be attributed to changes in the 
structure of the wake caused by the pulsations as will be discussed later in this 
chapter. The effect of pulsation seems to be negligible downstream in the tube 
bundle. Figure 3.26 also shows that at the station investigated the lateral spacing 
between vortices (wake width), W, has decreased from W/ST = 0.27 (W/2b = 1.5) to 
W/ST = 0.11 (W/2b = 0.6) in pulsating flow, as indicated by the peak r. m. s. velocity 
moving closer to the centreline. A similar decrease was already observed in steady 
flow and high Reynolds number between the first and last row of the bundle and the 
effect was related to the increased turbulence levels. 
3.3.3 Vortex shedding characteristics 
Velocity spectra were estimated in pulsating flow at the same locations as in steady 
flow. The spectra are shown in Figure 3.27. The frequency and amplitude of the 
pulsation were Cd = 10 Hz and A. -= 0.25 respectively. It can be seen that while the 
spectra obtained in the first three rows in steady flow were characterised by the 
absence of a vortex shedding frequency, in pulsating flow they contain two dominant 
peaks, one at the frequency of pulsation, 10 Hz, and the second at 5 Hz. It seems that 
the superimposed pulsations incite vortex shedding from the first three cylinders, 
which was suppressed in steady flow. The position of the vortex shedding peak is 
centred at half the frequency of pulsation indicating vortex shedding lock-on. A 
comparison of the amplitude of the peaks in pulsating flow with the ones obtained in 
steady flow at the same Reynolds number shows clearly an increase in the peak 
strength particularly in the first four cylinders (note that the scale in the graphs has 
been changed in relation to those in steady flow due to the higher amplitude of the 
peaks). In addition, it can be observed that the amplitude of the 5 Hz peak decreases 
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in the downstream direction while that of the peak at 10 Hz increases. This 
observation suggests that the vortex lock-on phenomenon in cylinder arrays is 
pronounced in the first row but diminishes with row depth. Velocity spectra were 
also estimated at pulsation frequencies varying from 7 Hz to 13.9 Hz behind the last 
row at Re = 1,560 (Figure 3.28), which shows amplitude velocity spectra). It can be 
seen that for pulsating frequencies from 11.8 to 13.9 Hz two peaks arc detectable, 
one corresponding to the natural vortex shedding frequency (around 4 Hz) and the 
other to the pulsation frequency. For pulsating frequencies 7-10 Hz there is a 
coupling between the pulsation and the vortex shedding frequencies, and in particular 
the vortex shedding frequency seems to lock-on at half the pulsation frequency. 
This suggests a competition between vortex shedding modes (natural shedding of 
vortices and lock-on). The transition between the two modes occurs in the frequency 
range 10 Hz<fd< 11.8 Hz. 
Figure 3.29 shows the variation of fjf,. with fd/ff at Re = 1,560. G is the vortex 
shedding frequency in pulsating flow and ff the natural vortex shedding frequency 
(under steady flow conditions). The frequency of shedding is locked on the 
subharmonic of the driving frequency as indicated by the linear dependence of fJff 
on the ratio fd/ff for fd ranging from i to 10 . The lock on region ends with a 
smooth transition before the vortices are shed again at the natural Strouhal frequency, 
f5o = 4.2 Hz (for fd ranging from 11.8 Hz to 13.1 Hz). These findings are in 
agreement with Barbi et al (1986) who studied the lock-on phenomenon on a single 
cylinder. It should be mentioned that the relative amplitude of the pulsations 
upstream of the tube bundle was not kept constant, but varied between 0.4 at 7 Hz 
(2E = 0.56) and 0.036 at 14Hz (2e = 0.025). Figure 3.30 shows the variation of 2e 
with fd/f, and the lock-on limits' 2 under pulsating flow conditions. The lock-on 
region is the one within the curve (black line). It depends strongly on both c and the 
ratio between the driving and the natural shedding frequencies. The red circles 
represent the same data as in Figure 3.28 and confirm the occurrence of lock-on for fd 
12 The lock-on limits were obtained by interpolating the data recorded by Barbi et al (1986) and 
Griffin and Ramberg (1976) for a single circular cylinder. It is here assumed that the same curve 
applies to the sixth elliptic cylinder of the present array. which, due to the fact that it is not obstructed 
by cylinders downstream. shows similar features to those of a single elliptic cylinder. 
Chapter 3 Velocity characteristics of an in-line array with elliptic tubes 87 
ranging from 7 Hz to 10 Hz (Re = 1,650, ff= 4.2). Note that if the relative amplitude 
of pulsation, AU (which is proportional to the reduced amplitude, c, that is, AU 
2E), and the Reynolds number (« ff) are increased, the lock-on region will occur for 
and 
higher values of fd (see dotted line in Figure 3.30, obtained for Re = 1.95 pulsation 
amplitudes varying linearly with the driving frequency, fd, 0(AU) = 0.09fd, with 
respect to the cases represented by the red circles). The occurrence of lock-on for a 
driving frequency of 14 Hz and 2e = 0.56 (AU = 0.08) was confirmed by the 
visualisation study. 
The vortex shedding lock-on is also illustrated in Figure 3.31, which shows the 
spectra and the velocity traces obtained at the inlet of the tube bundle at two different 
transverse locations. The frequency of the pulsations was 10 Hz and the Reynolds 
number Re = 1,755. Two peaks at 10 Hz and 5 Hz respectively can be observed. The 
amplitude of the 5 Hz peak increases closer to the cylinder. The 5 Hz peak cannot be 
considered as a sub-harmonic of the pulsation frequency introduced by the spectra 
analysis since the time trace at y/d, = 0.4 shows clearly both the 10 Hz and 5 Hz 
harmonics. 
Finally, two power spectra (not shown for brevity) obtained at X/SL = 3.5 and y/ST = 
0.278 (Re = 1,755) in steady and pulsating flow (10 Hz) respectively were compared. 
Both showed, at higher frequencies, the characteristic -5/3 slop typical of the inertia 
subrange region. As already stated, the turbulence in steady flow is nearly isotropic 
and it seemed not to be significantly affected by the pulsations. 
3.4 Skewness and kurtosis in steady and pulsating flow 
The skewness and the kurtosis13 of the velocity probability function were also 
determined in both pulsating and steady flow at one station behind each row (xJSL _ 
0.5) at Re = 2665. Selected results are shown in Figures 3.32 and 3.33. 
13 Skewness and kurtosis were defined in Chapter 2 as the third central moment divided by the 
standard deviation cubed and the fourth central moment divided by the standard deviation to the power 
of four respectively. They are, therefore. non-dimensional parameters. 
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Figure 3.32 shows the kurtosis distribution behind the first, second, and fourth rows 
in steady flow (Re = 2665). The kurtosis profile behind the first cylinder has a 
maximum (and this maximum is higher than 3, the value for a normal distribution) at 
about y/ST = 0.195. The corresponding velocity distribution is, consequently, highly 
peaked around the mean local velocity. The profiles at X/SL = 1.5 and x/SL = 3.5, i. e. 
behind the second and fourth rows respectively, indicate that the peak moves away 
from the centreline (although this shift is not significant behind the second row) in 
agreement with the outward shifting of the shear layer position in downstream rows. 
In the wake of the cylinders the kurtosis values arc much lower than in the shear layer 
meaning that very dissimilar velocity scales are locally recorded. Figure 3.33 shows a 
comparison between the skewness and kurtosis profiles behind the first row for 
steady and pulsating flow. A maximum negative is observed in the skewness profile 
in steady flow at y/ST = 0.195, corresponding to the location of the maximum 
kurtosis. This implies that a low velocity region moves intermittently into a 
measuring location where high velocities are mostly present, i. e. on average the flow 
has large fluctuations below the mean more often than above it. The low velocity 
region, aforementioned, can be identified with low velocities intermittently recorded 
from the vortices shed from the first cylinder. It should be mentioned that now 
visualisation showed that, although a corresponding well-defined shedding 
periodicity could not be observed, vortices are formed behind the first cylinder. 
Furthermore, Figure 3.33 shows that the kurtosis and skewness profiles in pulsating 
flow appear to be more uniform and they do not deviate significantly from a normal 
distribution, although relative peaks in the kurtosis profiles are observed in the same 
locations as in the steady flow case. In downstream rows the differences in the 
skewness and kurtosis profiles between steady and pulsating flow were less 
significant since the effect of pulsations was less pronounced than in the first row. 
3.5 Flow visualisation 
The objective of the visualisation study was to examine the flow field in the wake of 
the tubes and in the near region around the separation point and complement the 
IDA measurements. 
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Selected visualisation pictures obtained behind the first, fourth and sixth cylinders in 
steady flow are shown in Figures 3.34 to 3.37. Selected frames for pulsating flow 
behind the first cylinder are also shown in Figures 3.38 and 3.39 for driving 
frequencies of 10 and 14 Hz respectively. The time interval between frames, ATp, 
was determined by the shutter frequency of the video camera and it was equal to 1/50 
frames per second, that is 20 ms. Consequently, only flow periodicities whose 
frequency range varies from a minimum frequency, f,, w., equal to 1/(NP x ATP) Hz, 
with Np being the number of frames, to a maximum theoretical frequency, f,,,,, ", of 
1/(2 x OTF) = 25 Hz (two is the minimum number of frames required to complete a 
cycle), could be detected. The first frame of each sequence of images was arbitrarily 
chosen to correspond to the observation time t=0 ms. In the sequence of frames, 
time increases from left to right and from top to bottom. 
Anticlockwise vortices shed on the left hand side of the cylinders, i. e. on the left hand 
side of the frames, will be called "negative vortices" and indicated with the suffix N. 
with n being an integer number indicating the order of succession of vortices; 
conversely, the vortices shed on the opposite side will be called "positive vortices" 
(clockwise) and indicated with the suffix P. 
Figure 3.34 shows selected flow visualisation pictures obtained behind the first row 
at Re = 638. No clear vortex shedding activity can be observed. (No periodical vortex 
shedding could be observed also at higher Reynolds numbers). The wake regions 
seem stagnant. Despite of the low Reynolds numbers, the flow visualisation behind 
the fourth and sixth rows shows clearly shedding of vortices. The Reynolds number 
and the natural vortex shedding were equal to 638 and 1.7 Hz respectively. Figures 
3.35 (a)-(f) and 3.37 (a)-(c) show two complete cycles of vortex shedding behind 
these rows. 
A grid was superimposed to the first frame in Figure 3.35 (a), t=0 ms, in order to 
provide spatial information. The distance between the lower edge of the upper 
cylinder (row 4) and the upper edge of the second one (row 5) is equal to 8 mm. 
Therefore, the vertical and horizontal dimensions of the grid cells are approximately 
equal to 0.73 mm. The first frame (t =0 ms) of Figure 3.35 shows two vortices, Pi 
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(clockwise, termed "positive") and Nt (anticlockwise, termed "negative"), shed by the 
fourth cylinder and convected downstream. The phase difference14 between the two 
vortices, evaluated by visual inspection, is approximately equal to 5.11 mm. From t= 
0 ms to t= 100 ms the positive vortex, Pt, grows slightly in size and moves 
downstream towards the centreline, although the distance travelled is negligible. That 
means that in this time interval P, can be considered "standing" (virtually stationary) 
in the wake with an approximate diameter (we refer to "vortex" as the largest close 
fluid loop) ranging from 2.73 mm (t =0 ms) to 4 mm (t = 100 ms), that is about 0.21 
and 0.31 times the major axis of the elliptic cylinder respectively. The "positive" 
shear layer, that is the one adjacent to Pt, is violently drawn into the wake. It partly 
rolls up into the interior of the formation region, partly entrained by Pt, partly by Ni 
bearing vorticity of opposite sign, and also by the "negative" (that is, separating from 
the left hand side of the cylinder) irrotational shear layer upstream of N,. At t= 40 ms 
N, impacts against the downstream cylinder and dissipates. A similar description of 
the mechanics of the formation region was given by Gerrard (1966) for a single bluff 
body. In the present case, however, differences arise due to the presence of the 
downstream cylinder. The latter has the double effect of deflecting the entrained 
shear layer and blocking the downstream convection of vortices without preventing 
their formation. From t=0 ms to t= 100 ms, Pt is, therefore, "constricted" by the 
accelerated shear layer drawn into the wake and deflected by the downstream 
cylinder. With the disappearance of Nt (t z 100 ms) the positive shear layer, after 
crossing the wake axis, rolls downward along the shoulder of the downstream 
cylinder. As a consequence, P, (Figure 3.35 (b)) initially grows in size and move 
towards the centreline (120 <t (ms) < 140). At t= 120 ms a second negative vortex 
is forming (it is not clearly shown in the picture, as in the video recording, but its 
formation can be inferred by the successive ones), N2, bearing vorticity of the same 
sign as that of Nt. The irrotational negative shear layer is drawn into the wake by the 
action of both vortices. It may be assumed that the time frame, t= 280 ms, is the one 
at which the flow, drawn by N2, begins to cross the wake axis. The crossing point is 
defined (Gerrard, 1966) as the end of the formation region. The vortex formation 
length can be therefore graphically estimated; an approximate evaluation gives Lr/2a 
"The phase difference is here defined as the difference, expressed in mm, between the x-co-ordinates 
of the centres of the vortices. 
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1.00. This value is in agreement with the LIDA findings for the sixth row of the 
present in-line array, which gave values of L1l2a = 1.035 and L. 1/2a = 1.04 for Re = 
6,760 and 1,780 respectively. 
At t= 300 ms (Figure 3.35 (c)) finally the first half-cycle ends; N2 has grown in size 
entraining fluid from the irrotational negative shear layer and from Pi, which has 
meanwhile dissipated. It can be seen from the subsequent frames (300 <t (ms) < 
600) that although the anticlockwise vortex, N2, is formed and shed by the upstream 
cylinder the overall wake characteristics are not exactly the same as for the first half- 
cycle. The main difference is in that the negative shear layer drawn by N2 is 
obstructed by P1 and only a thin layer (for instance, see t= 320 ms) is drawn into the 
wake and deflected over the shoulder of the downstream cylinder. Once P1 is 
dissipated, N2 can grow in size and at t= 380 ms it almost occupies the entire wake 
region, slightly off-centre towards the positive side of the wake. The vortex axis is 
also slightly inclined with respect to the centreline in contrast to P1 whose axis was 
vertical and, therefore, parallel to the centreline. At t= 600 ms the cycle is 
completed with a new clockwise vortex shed from the upstream cylinder while N2 is 
convected downstream and impacts against the downstream cylinder. Although the 
initial conditions are restored at the end of the cycle and repeat over the next cycles, 
i. e., the flow in the wake is periodic, the two half cycles are not entirely symmetrical 
over one period. However, symmetry between the two half-cycles is achieved over a 
larger number of periods. These half-to-half cycle variations are probably due to both 
the turbulence of the flow and minor non-uniformities (the upstream mean velocity 
profile is uniform within 1%) in the mean flow. A major difference between the 
present configuration and closely packed in-line arrays is that vortex shedding occurs 
in an anti-symmetric mode. The present visualisation study shows that the shed 
vortices occupy a large portion of the wake region, which together with the 
substantial mass transfer across the wake necessitates anti-symmetrical vortex 
shedding in the wake (see also Ziada and Oeng6ren, 1991). 
Figure 3.36 shows two zoomed images of the flow past the sixth cylinder. The 
separation point can be located by direct observation at approximately 90 degrees 
from the front stagnation point. 
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Figures 3.37 (a)-(c) show selected flow visualisation pictures obtained behind the 
sixth row at Re = 638 so that a comparison between the near wake fluid dynamics, 
flow periodicities and wake characteristics of the fourth and sixth rows can be made. 
It was also important to confirm the LDA finding that the natural shedding 
frequency, f, 0, is the same for all the rows of the tube bundle and, in particular, that 
the vortex shedding was periodical with the same period for the fourth and sixth 
rows. A similar investigation was carried out for the third and fifth rows (the 
corresponding visualisation pictures are not shown for brevity) showing that the 
conclusion drawn for the fourth cylinder can be extended to the third and fifth. It 
should be noted that some unique features may be attributed to the flow field past the 
sixth row due to the fact that there are no rows downstream of it that obstruct the 
flow. 
The first frame (t =0 ms) of Figure 3.37 (a) shows three vortices, Pi and P2 (that is 
forming - although not clear from the picture), clockwise, and Ni, anticlockwise, 
shed by the sixth cylinder and convected downstream. As with the fourth row the 
wake of the sixth row shows an anti-symmetric vortex pattern. The main differences 
between the two arise from the fact that there is not a downstream cylinder to 
obstruct the flow as already mentioned earlier. The vortex patterns therefore 
resemble more closely those for single cylinders. Moreover the accelerated and 
deflected shear layer does not impinge on downstream cylinders. It is therefore free 
to flap across the wake and its oscillations are characterised by a large amplitude. 
This can be seen when the second frame of the sequence, t= 20 ms, is compared 
with the tenth one, t= 320 ms (t = T/2) (Figure 3.37 (b)). The latter shows also the 
direction of the negative and positive shear layers near the cylinder wall at t= 20 ms 
(dotted line) for comparison. The angle between the two directions is approximately 
equal to 50 degrees. The same large amplitude oscillations could not be observed 
behind the fourth row where the shear layer separating from the upstream row was 
partially deflected towards the inner wake by the downstream row and partly 
impacted on it. It should be noted that since the flapping is related to the formation 
and convection/diffusion of the vortices, it occurs at approximately the same 
frequency as the natural vortex shedding one (compare the first frame of Figure 3.37, 
t=0 ms, with the one at t= 560 ms). The cycle is complete after about 600 ms 
corresponding to a frequency of ff =1/600 ms =1.7 Hz as for the fourth row. 
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Figure 3.38 shows a complete cycle of vortex shedding behind the first cylinder 
under pulsating flow conditions (fd = 10 Hz, 2c = 0.25, Re = 1,560). The 
corresponding natural vortex shedding frequency observed in steady flow in 
downstream rows was equal to 4.2 Hz. However, as already stated, no vortex 
shedding was observed or detected behind the first row. The sequence of pictures 
shows clearly that the superimposed pulsations have triggered the shedding of 
vortices. The sequence of frames shows that the flow pattern at t=0 repeats after 
200 ms. This corresponds to a flow periodicity (vortex shedding) with a frequency, 
ff, of 1/200 ms =5 Hz; the pulsations have therefore triggered vortex shedding at 
half the driving frequency in agreement with the LDA findings. The first frame (t =0 
ms) shows two vortices, P2 and N2 shed by the upstream cylinder and two others, P1 
and N1, convected downstream and impacting against the downstream one. It can be 
noticed that the anti-symmetrical vortex pattern observed in steady flow is 
suppressed and symmetrical vortex shedding is promoted. P2 and N2, in fact, are shed 
alternatively, but the phase difference is now negligible. It is also evident that the 
pulsations strongly modify the quasi-stagnant "steady" wake, increase the turbulence 
of the flow and decrease the formation length to the proximity of the rear stagnation 
point of the upstream cylinder (see frame at t= 80 ms and also refer to the 
description of Figure 3.35). It is interesting to note that the width of the wake is 
larger in pulsating flow than in steady flow during the shedding phase (see t= 80- 
100 ms) and slightly smaller after the vortices dissipate (see t= 140+160). In 
addition the increased vortex activity in pulsating flow is not limited to the proximity 
of the upstream cylinder, but extends to the downstream one and generally to the 
neighbourhood of the cylinders' wall from the front to the rear stagnation point. This 
may suggest that flow pulsations can lead to a substantial increase in the heat 
transfer rate in tube bundles not only because the turbulence levels eventually 
increase (we refer to the "real" turbulence and not to the pseudo one introduced by 
the pulsations), but also, and probably most importantly, because of the substantial 
change in the mean flow; the cylinder walls in pulsating flow are swept by the fluid 
in the region which was stagnant in steady flow. This assumption was confirmed by 
the heat transfer findings described in Chapter 6. 
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Figure 3.39 shows a complete cycle of vortex shedding behind the first cylinder for 
different pulsating conditions (at fd = 14 Hz, 2c = 0.56 and Re = 1,950). The 
sequence shows that the flow pattern at t=0 ms repeats after 140 ms. This 
corresponds to a flow periodicity whit a frequency, f equal to 1/140 ms =7 Hz, that 
is half the pulsation frequency. It should be noted that the LDA results did not show 
lock-on for fd =14 Hz. However, both the reduced amplitude and the Reynolds 
number were lower (2c = 0.025 and Re = 1,560) than in the present case (2c = 0.56 
and Re = 1,950). As stated in paragraph 3.3.3, the lock-on region will occur for 
higher values of Cd if the amplitude of pulsation, AU (cc 2e), and the Reynolds 
number are increased (see Figure 3.30). The first frame of Figure 3.39 shows two 
vortices, P, and N1, which have grown in size considerably and are convected 
downstream. The vortices are nearly identical in size and orientation and symmetrical 
with respect to the centreline and occupy a significant portion of the wake region. 
Their diameter is approximately equal to 5.5 mm, that is about 84% (42%) of the 
minor (major) axis of the elliptic cylinders. Because of the higher shedding frequency 
compared to the case described above and therefore the smaller time scales involved, 
the wake width does not exhibit the same large variations. A comparison between the 
first frames in Figures 3.38 and 3.39 shows the effect of the relative amplitude and 
the frequency of the pulsations on the vortex shedding. The symmetry of the vortex 
pattern increases and so the size and the convection velocity of the shed vortices. The 
degree of symmetry as well as the size of the vortices, however, do not increase 
proportionally to the relative amplitude of pulsations, due mainly to the presence of 
the downstream cylinder which contributes to increased symmetry in the wake flow 
(as it acts as a barrier to the mass transfer across the wake) and limits the growth of 
the vortices. 
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3.6 Conclusions 
An experimental investigation was carried out on the flow around an in-line array 
with elliptic cylinders of axis ratio 1: 2. LDA and flow visualisation were used to 
study the velocity and vortex shedding characteristics in both steady and pulsating 
flow. The results showed that the tube bundle configuration investigated generates 
less turbulence than an equivalent (with the same longitudinal and transverse 
spacing) in-line array with circular tubes. The turbulence levels remain nearly 
constant along the flow passages indicating negligible interference between adjacent 
columns. The difference of the two r. m. s. components, u'/U.. and v'/U.., is near zero 
over the whole flow domain indicating that the turbulence might be assumed to be 
highly isotropic. On the contrary, the turbulence in the wake regions of the in-line 
arrangement with circular tubes was found to be highly anisotropic, especially 
downstream of the third and fourth rows (Balabani, 1996). A weak vortex shedding 
activity was detected. The correspondent Strouhal number, defined by the gap 
velocity and the minor axis of the elliptic cylinders, 2b, was found to be equal to 
0.11. The only significant effect of the pulsations on the turbulence of the flow was 
observed in the wake of the first cylinder. The occurrence of lock-on of the natural 
vortex shedding at half of the superimposed pulsation frequency was observed in all 
rows. Behind the first row, where no vortex shedding activity was observed in steady 
flow, the superimposed pulsations triggered the shedding of vortices and its 
frequency locked at half of the driving frequency. 
The flow visualisation study confirmed the findings of the LDA measurements. In 
particular, it showed the lack of any significant vortex activity behind the first row, 
and confirmed the occurrence of lock-on of the natural vortex shedding at half of the 
superimposed pulsation frequency. 
The chapter that follows examines the flow and vortex shedding characteristics of an 
asymmetric tube array with circular cylinders. 
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Figure 3.6. Distribution of u'/U-, (a), and v'/U00, (b), in the in-line bundle with 
elliptic cylinders (steady flow, Re = 6,760). 
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Figure 3.8. Distribution of the axial r. m. s. velocity, u'/U., behind the first, third and 
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Figure 3.22. Shedding frequencies measured in the wakes of the third, fourth, fifth 
and sixth cylinders (x/SL = 2.5, X/SL = 3.5, X/SL = 4.5 and X/SL = 3.5, y/ST = 0.125) as 
a function of Ug/2b. 
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Figure 3.28. Velocity amplitude spectra obtained behind the last cylinder in the in- 
line tube bundle with elliptic cylinders under pulsating flow conditions and 
frequencies varying between 7 Hz and 13.9 Hz (Re = 1,560). 
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Figure 3.30. Variation of 2E with fd/fso and lock-on limits in the in-line tube bundle 
with elliptic tubes under pulsating flow conditions. 
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Figure 3.31. Spectra and time traces for pulsating flow at the inlet of the tube bundle 
(fd = 10 Hz and Re = 1,755). 
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Figure 3.32. Kurtosis profile behind the first, second and fourth rows in steady flow 
(xc/SL= 0.5, Re = 2,665). 
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Figure 3.33. Skewness and kurtosis profiles behind the first row (x/SL = 0.5, Re = 
2,665) in both steady and pulsating flow past the elliptic cylinder array. 
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Frame 1; t=0 ms Frame 2; t= 20 ms 
Figure 3.34. Visualisation pictures of the flow in the wake of the first row in steady 
flow (Re = 638). Frames 1-2. 
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Figure 3.35 (a). Visualisation pictures of the flow in the wake of the fourth cylinder 
(steady flow, Re = 638, fso = 1.7 Hz). Frames 1-6. 
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Figure 3.35 (b). Visualisation pictures of the flow in the wake of the fourth cylinder 
(steady flow, Re = 638, f0 = 1.7 Hz). Frames 7-12. 
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Figure 3.35 (c). Visualisation pictures of the flow in the wake of the fourth cylinder 
(steady flow, Re = 638, f0 = 1.7 Hz). Frames 13-18. 
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Franrc 1 
Figure 3.35 (d). Visualisation pictures of the flow in the wake of the fourth cylinder 
(steady flow, Re = 638, f,,, = 1.7 Hz). Frames 19-24. 
Chapter 3 Velocity characteristics of an in-line array with elliptic tubes 127 
3. -. 
i 
. 'IIII iii 
- 520 iii I, raune 28; t 
ýý 
l TKO Illy 
Figure 3.35 (e). Visualisation pictures of the flow in the wake of the fourth cylinder 
(Re = 638, ff = 1.7 Hz). Frames 25-30. 
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Frame 31 "t= 600 ms =T 
Figure 3.35 (f). Visualisation picture of the flow in the wake of the fourth cylinder 
(steady flow, Re = 638, fso = 1.7 Hz). Frame 31. 
Figure 3.36. Visualisation pictures focusing on the separation points of the steady 
flow past the sixth row cylinder (Re = 638, ff0 = 1.7 Hz). Frames 1 and 8. 
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Frame 7; t= 200 ms Frame 8" t= 240 ms 
Figure 3.37 (a). Visualisation pictures of the flow in the wake of the sixth cylinder 
(steady flow, Re = 638, fso = 1.7 Hz). Frames 1-8. 
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Frame 15; t= 520 ms Frame 16; t= 560 ms 
Figure 3.37 (b). Visualisation pictures of the flow in the wake of the sixth cylinder 
(steady flow, Re = 638, f0=1.7 Hz). Frames 9-16. 
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Figure 3.37 (c). Visualisation pictures of the flow in the wake of the sixth cylinder 
(steady flow, Re = 638, fso = 1.7 Hz). Frames 17-18. 
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Figure 3.38 (a). Visualisation pictures of the flow in the wake of the first row in 
pulsating flow (Re = 1,560, fd = 10 Hz). Frames 1-6. 
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Figure 3.38 (b). Visualisation pictures of the flow in the wake of the first row in 
pulsating flow (Re = 1,560, fd = 10 Hz). Frames 7-12. 






Figure 3.39 (a). Visualisation pictures of the flow in the wake of the first row in 
pulsating flow (Re = 1,950, fd = 14 Hz). Frames 1-6. 
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Figure 3.39 (b). Visualisation pictures of the flow in the wake of the first row in 
pulsating flow (Re = 1,950, fd = 14 Hz). Frames 7-10. 
CHAPTER 4 
Velocity Characteristics of an Asymmetric 
Array with Circular Cylinders 
4.1 Introduction 
The present chapter describes the experimental investigation carried out on an 
asymmetric array with circular cylinders in cross-flow. The water tunnel, the tube 
bundle arrangement and the LDA system employed have already been described in 
Chapter 2. 
The array was composed by six tube rows in the main flow direction and five 
columns. Two of the columns comprised half circular cylinders, which were fixed on 
the side walls to minimise boundary layer effects and simulate an infinite tube 
bundle. The circular cylinders were manufactured from cast acrylic material. The 
diameter, d, of the tubes was equal to 10 mm. The longitudinal pitch ratio, S, /d, was 
2.1 and the transverse one, SId, equal to 3.6. These pitch ratios were the same as the 
ones used in the staggered and in-line arrays studied by Balabani (1996) in order to 
facilitate comparisons. However, in the asymmetric array the even rows have been 
displaced by one diameter in relation to the in-line array. Therefore the asymmetric 
array can be considered as a semi-staggered array. The aim of this investigation was 
to study the effect of tube displacement on the flow and spectra characteristics of the 
arrays and eventually on heat transfer. 
Measurements were taken at the plane of symmetry (z/d = 0.0) in the region -0.5 S 
y/S1 S 0.5 and 0-0: 5 X/SL S 5.5 since the flow approaching the bundle was found to 
be two-dimensional. Ensemble-averaged and time resolved measurements were taken 
in the above arrangement in both steady and pulsating flow conditions and a flow 
136 
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visualisation study was carried out for Reynolds number ranging from 1,100 to 
12,800 and driving frequencies ranging from 0 Hz (steady flow) to 17 Hzt. 
4.2 Steady flow conditions 
4.2.1 Mean velocity distributions (Re = 12,800) 
Detailed ensemble-averaged measurements of the axial and radial mean velocities 
were taken at Re = 12,800. The velocity upstream of the bundle, U.., was equal to 
0.93 m/s and the working fluid was water. The Reynolds number was defined by the 
actual diameter of the tubes, d, and the maximum velocity at the gap between 
adjacent tubes in a row, Ug, which is equal to 1.38U (1.28 m/s) for the arrangement 
investigated. The equivalent Reynolds number, defined by the upstream velocity and 
the hydraulic diameter of the duct upstream of the bundle was 66,900. The flow 
regime at this Re is subcritical, characterised by laminar boundary layer separation as 
in the investigation on the array with the elliptic tubes. 
In order to study the effect of the Reynolds number on the velocity characteristics of 
the array as well as the effect of flow pulsations, velocity measurements were also 
taken at Re = 4,900 throughout the flow domain and at Re = 2,700 behind each row. 
The mean velocity vectors are shown in Figure 4.1. Both the vector length and heads 
are proportional to the velocity magnitude. Vectors are nearly uniform and vertical in 
the free stream on the entrance to the tube bank (x/SL = 0.0) and slightly deflect 
outwards in the neighbourhood (about one diameter away, y/ST = 0.28) of the first 
row cylinder. Inside the tube bundle the deflection of the flow due to the presence of 
the cylinders extends up to y/ST =±0.5 in the transverse direction. The vectors are 
deflected outwards and inwards as the flow passes past the cylinders' shoulders and 
through the gaps between successive rows respectively. The vector plot also shows 
the mean recirculation region behind each cylinder, its geometrical characteristics 
and shape. Due to the fact that the wake flow is deflected by the downstream 
cylinders, the mean recirculation region is asymmetric around the cylinders' 
centreline. Flow reversal is evident mainly in the first two rows in Figure 4.1 and 
Only selected results are shown for the case of pulsating flow. 
Chapter 4 Velocity characteristics of an asymmetric array with circular tubes 138 
consequently the extent of the recirculation region decreases significantly in 
downstream rows. The distribution of the axial mean velocities, U/U», is shown in 
Figures 4.2 and 4.3 as profiles and contours, respectively. Figure 4.2 shows that the 
axial mean velocity profile is uniform within 1% upstream of the tube bundle (x/SL= 
- 2.1). It should be noted that positive axial mean velocities indicate velocities in the 
downward direction and that each profile refers to measurements taken in the y- 
direction, on the x-plane indicated by the dotted lines. The flow field is characterised 
by high velocities along the free stream and over the shoulders of the cylinders and 
flow reversal and low velocities in the wake regions. The asymmetry of the flow, 
which reflects the asymmetry of the tube arrangement, becomes noticeable from 
about one diameter downstream of the first row cylinder, and increases further 
downstream. A relative minimum in the axial mean velocity in the wake of the first 
cylinder (x/SL = 0.4) is observed at about x/ST = 0.03. In the subsequent profiles the 
relative minimum shifts further away from the centreline in the positive y-direction. 
Flow reversal is pronounced only behind the first two cylinders reaching (negative) 
values up to 0.27 U., (x/SL = 1.25, y/ST = 0.59). A weak flow reversal can be 
observed behind the downstream rows. A steep velocity gradient can be observed in 
the shear layer separating from the first and second row cylinders. Velocity gradients 
become progressively less steeper in the downstream tubes as the recirculation 
becomes less pronounced. 
Axial mean velocity 
Figure 4.3 shows the axial mean velocity distribution, U/U,,, in contour plot form. A 
comparison with the in-line array with elliptic tubes studied by the author and both 
the staggered and in-line array with circular tubes studied by Balabani (1996) shows 
that the flow field of the asymmetric array exhibits intermediate characteristics 
between the in-line and the staggered arrays. In the in-line arrangements, and in 
particular the one with elliptic tubes, velocities are uniform along the flow passages, 
as already observed in Chapter 3, while in the asymmetric arrangement they are 
approximately equal to 1.75 - 2.00 times the upstream bulk velocity (measured at 
x/SL = -1.0, y/ST = 0), U., in the positive (y/ST > 0) free stream, indicating a 
significant interference from the neighbouring tubes in the transverse direction. Flow 
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reversal is pronounced behind the first and the second rows, but negative velocities 
are also observed behind the downstream cylinders, as in the staggered arrangement. 
The magnitude of the negative velocities is lower than that observed in the staggered 
array. It can be observed that the asymmetry of the wake flow seems also to be more 
pronounced in the first two rows compared to the third and fourth ones. This might 
be attributed to the fact that the wakes seem to be more elongated in the first two 
rows. 
Radial mean velocity 
The distribution of the radial mean velocities, V/U., is shown in Figures 4.4 and 4.5 
as profiles and contours, respectively. Positive values in Figure 4.4 represent 
velocities in the positive y-direction. Transverse mean velocities reach higher values 
(higher than 0.5U.. ) at the gaps between successive rows and alternate between 
negative and positive values as the flow passes through successive gaps. Figure 4.5 
shows that the mean radial velocity distribution is anti-symmetrical with respect to 
the centreline at the entrance to the tube bank and up to one diameter downstream of 
the first row cylinder. In fact, on both side of the centreline the velocities have 
approximately the same amplitude but opposite direction. The velocities are rather 
uniform in the most of the flow domain apart from the region where the flow deflects 
as it encounters the cylinders. 
The axial and radial mean velocity profiles (normalised by the upstream bulk velocity 
U0. ) behind each row cylinder were compared with those of both the staggered and 
the in-line arrays with circular cylinders2 studied by Balabani (1996). It should be 
noted that, although measurements were taken at the same transverse stations, the 
cylinders are located at different positions along the corresponding planes and their 
wakes cover different regions along the y-axis in the three arrays. 
Z The three arrays have the same longitudinal and transverse spacings. The diameter. d, is the same for 
the three arrays. 
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The comparison of the axial velocities is shown in Figure 4.6. The profiles on the 
entrance to the tube banks are identical so that any difference between the profiles 
inside the tube bundle is due to a different arrangement of the cylinders. 
Asymmetric and staggered arrays. Behind the first and third cylinders (whose centres 
lie on the bundle centreline) the two profiles are similar along the shear layers 
separating from the upstream cylinders but higher recirculation is observed in the 
wakes of the staggered array. The profiles behind rows 2 and 4 appear obviously 
dissimilar due to the fact that the centres of the cylinders in the asymmetric array are 
displaced by 0.8 diameters with respect to the staggered ones in the transverse 
direction as shown in Figure 4.6. However, if the profiles refer to the cylinders' local 
co-ordinates they look very similar. The y-co-ordinate of the centres of the even row 
cylinders of the asymmetric and staggered arrays were y/ST = -0.277 and y/ST =± 
0.53 respectively. Again the negative velocities in the wakes of the staggered array 
reach higher values. These, in the asymmetric array, are higher behind the even row 
cylinders than behind the odd ones. The flow around the tube bundle centreline (y/ST 
= 0.0, y/ST = 0.0) shows similar trends and velocity magnitudes in both arrays. 
a ýmmetric and in-line arrays. Behind the first cylinder the profiles of the staggered 
and in-line arrays are similar, but they exhibit higher negative velocities in the wake 
and higher velocities in the free stream in comparison to the asymmetric array. It can 
be noticed that behind the second cylinder the velocity gradient along the shear layer 
of the in-line array is less steep than in the asymmetric array. Negative velocities in 
the wake have similar magnitude of those in the asymmetric array. It should be 
observed, however, that while in the in-line array negative velocities can be observed 
only in the proximity of the centreline, in the asymmetric array negative velocities 
were recorded in a significantly wider transverse region (-0.40 < y/ST < -0.20). Out of 
the wake the flow is rather uniform compared to that of the asymmetric array, which 
is clearly affected by the presence of the upstream cylinder. 
In contrast to what observed in both the asymmetric and staggered arrays, no 
evidence of flow reversal is observed 
in downstream rows. Correspondingly, the 
3 Only the profiles on the positive y-direction are shown because symmetry of the flow was assumed 
around the tube bundle centreline. 
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velocity gradient in the shear layers separating form the upstream cylinders becomes 
less steep in the downstream direction. 
Figure 4.7 shows the comparison of the radial velocities between the three arrays. 
Again the profiles on the entrance to the tube banks are identical. 
Asymmetric and staggered arrays. Lower negative velocities than those in the 
staggered array (positive values represent velocities in the positive y-direction) were 
observed in the wake of the first cylinder confirming that the staggered array is 
characterised by higher recirculation. A profile at X/SL = 1.0 is also shown. Radial 
mean velocities are higher than in the staggered array throughout the plane, but it can 
be seen that the magnitude of the negative velocities in the freestream of the 
asymmetric array is approximately equal to that of the radial velocities in the flow 
passage of the staggered array. Slightly higher negative radial velocities are observed 
in the wake of the third row of the staggered array with respect to the first one. The 
profiles behind the second and fourth row cylinders are similar but the velocity 
magnitude in the shear layers of the staggered array are significantly higher. Similar 
velocity magnitude and profile are observed again around the tube bundle centreline. 
e ymmetric and in-line arrays. The profiles behind the first cylinder show that the 
negative radial velocities have similar magnitude in the freestream, while they are 
lower in the shear layer and in the wake of the in-line array. The profile at x/SL = 1.0 
shows that the radial velocity in the in-line array is rather uniform with respect to that 
in the asymmetric array. The profile of the in-line array is characterised by negative 
velocities (slightly decreasing from the freestream to the centreline) whose 
magnitude is lower than that in the asymmetric array. It should be noted that in the 
in-line array the profiles behind downstream rows show similar trends. The velocity 
magnitude is similar, but lower than that in the asymmetric array. 
4.2.2 Turbulence level distributions (Re = 12,800) 
In order to visualise the turbulence characteristics of the tube bundle the measured 
axial and radial normalised r. m. s. velocities, u'/U.., and v'/ U.., have been plotted, 
both as profiles and contours in Figures 4.8,4.9 and 4.10,4.11 respectively. The 
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normalised axial r. m. s. velocities are relatively low behind the first cylinder, but start 
rising downstream of the second row. Behind the first cylinder at x/SL = 0.407 and 
X/SL = 0.595 the peak velocity fluctuations were recorded at y/ST = 0.139, y/ST =- 
0.152 and y/ST =±0.139 respectively. The distances between the r. m. s peaks 
correspond to wake widths of 1.05 (x/SL = 0.407) and 1.0 (x/SL = 0.595) times the 
cylinder diameter respectively. Behind the second cylinder the wake width is much 
larger than behind the first one at the same relative axial distance from the centre of 
the cylinder. This, in conjunction with the U/U distribution shown in Figure 4.3 
suggests a longer mean recirculation region4 as it will be confirmed later by an 
estimation of the vortex formation lengths. Although the r. m. s. values increase in 
downstream rows, the high turbulence mixing compared to the one in the in-line 
array with elliptic tubes flattens the r. m. s. distribution in the wake of the third and 
fourth rows (the r. m. s distributions behind the fifth and sixth rows are not shown). 
The contours in Figure 4.9 show again that the flow is symmetrical around the 
centreline up to about one diameter downstream of the first cylinder. At the entrance 
to the tube bank the radial r. m. s velocity is rather uniform. Values lower than O. M. 
are recorded in the downstream direction from x/SL = 0.0 up to the third row along 
the flow passage (positive y-direction) and up to the proximity of the second cylinder 
on the negative side of the centreline. The r. m. s. increases along the flow passage and 
reaches its maximum asymptotic value downstream of the third row (0.3U.. ). The 
highest values of the r. m. s. are recorded in the wakes of the second, third and fourth 
cylinders (up to 0.5U.. ). Figures 4.10 and 4.11 show the distribution of the radial, 
v'/U., r. m. s. velocity as profiles and contours respectively. In general, the 
distribution of v'/U.. looks very similar to that of the axial r. m. s. one. Both 
distributions are symmetrical with respect to the centreline on the entrance to the tube 
bank with magnitudes lower than 10% of the upstream bulk velocity. They are 
symmetrical up to about 1 diameter downstream of the first cylinder. The magnitude 
of v1/U. in the wake of the first cylinder increases from the outer shear layer towards 
the centreline from the upstream value to 0.3U c. Although both the axial and radial 
r. m. s. velocity magnitudes increase in the downstream rows, the radial ones are 
slightly higher particularly as the flow passes over the shoulder of each circular 
cylinder. 
4 It is assumed that the length of the mean recirculation region increases with its width. 
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Figure 4.12 shows a comparison of the axial r. m. s velocity profiles, (u'- u',, p, )/U«s, 
behind the first four row cylinders of the asymmetric array with those measured in 
the staggered and in-line array by Balabani (1996). u'p, is the upstream axial r. m. s. 
velocity. 
Asymmetric and staggered arrays. 
Odd row cylinders. The profiles look similar behind the first row. The r. m. s. 
velocities have the same magnitude in the freestream, but they differ by up to 80% in 
the wake, with the asymmetric array exhibiting lower velocities. The r. m. s peak 
velocity appears at the same position (y/ST =±0.14 for the staggered array and y/ST = 
+ 0.14 and y/ST =-0.15 for the asymmetric one) for both arrays implying that the 
wake width (at this measurement plane) is the same. Behind the third cylinder the 
axial r. m. s is significantly lower in the asymmetric array than that of the staggered 
one. The higher difference in magnitude is not observed in the wake (130%) but 
along the shear layer (230%). It should be observed that the r. m. s peak in the 
positive y-direction has shifted towards the centreline (y/ST = 0.11) with respect to 
the one behind the first row cylinder and occurs again at the same location for the 
two arrays. However, the r. m. s. peaks in the asymmetric array are not located 
symmetrically with respect to the cylinder centreline as in the staggered one; in the 
negative y-direction, the r. m. s. peak is observed at y/ST =-0.18 and not at y/ST =- 
0.11. This suggests that the mean recirculation region is not symmetrical as opposed 
to that in the staggered arrays. Its width is approximately the same as behind the first 
row cylinder in contrast to that for the staggered array, which is 24% smaller than the 
one (measured at the same x-plane) behind the first cylinder. 
Even row cylinders. The profiles behind the even row cylinders are similar. The 
normalised axial r. m. s behind the second and fourth rows is again significantly in the 
asymmetric lower than in the staggered array. On average, the difference of the r. m. s 
magnitudes between the two arrays is 
higher than behind the odd row cylinders. The 
wake width behind the second row cylinder of the staggered array is the same as 
behind the first one, while the wake width of the asymmetric array is increased by 
s The value of the upstream axial r. m. s. velocity was subtracted from the local one in order to take into 
account the different upstream turbulence 
levels between the three arrays. 
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about 12%, in agreement with the observed increase of the vortex formation length 
discussed later in the chapter. Considering that the contribution of surface friction to 
the total drag coefficient is small compared to the contribution of the pressure drag 
any increase of the turbulent wake width and length, that is of the size of the mean 
recirculation region, has the effect of substantially increasing the drag coefficient. It 
should be observed that in heat exchangers an increased drag coefficient would 
require a larger pumping power on the shell-side. 
In general the turbulence levels increase in both arrays in downstream rows. The 
mean of the normalised axial r. m. s values (showed in Figure 4.12) measured along 
each of the transverse planes (xc/SL = 0.4) was calculated for both arrays behind each 
row. The results show that in the staggered array the mean increases steeply (+ 
300%) from the first to the third row whereas downstream of the third row there is no 
significant variation. Although an increase of the mean was also observed in the 
asymmetric array from the first to the third row, its magnitude was significantly 
lower than in the staggered array. Furthermore, a slight decrease was observed from 
the third to the fourth row. 
A decrease of the r. m. s velocity gradients, particularly in the asymmetric array, can 
be observed as indicated by the flatter r. m. s velocity distributions. The wake width 
behind the fourth row of the asymmetric array is also decreased (the wake width 
behind the fourth row of the staggered array is approximately the same as behind the 
second one). 
Armmetric and in-line arrays. Figure 4.12 shows that the axial r. m. s. velocity 
profiles behind the first four row cylinders of the asymmetric array are very similar to 
those of the in-line array. The r. m. s. peak velocity on the positive y-direction of the 
asymmetric array is slightly closer to the centreline 
(y/ST = 0.14) than that in the in- 
line array (y/ST =±0.17), while the ones on the negative y-direction appear at the 
same position (y/ST =-0.17). 
This implies that the wake width of the asymmetric 
array is slightly smaller at the station considered. 
The magnitude of the 
corresponding r. m. s. peaks 
is lower than in the in-line array by about 40% in the 
positive y-direction and by about 
60% in the opposite one. As already mentioned, the 
axial r. m. s. peak in the asymmetric array 
does not shift significantly towards the 
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centreline in the downstream direction as opposite to what observed in the in-line 
array (compare the profiles behind the first and third rows of the two arrays). The 
magnitude of the axial r. m. s. peak increases behind downstream rows in both arrays, 
but that in the in-line one remains slightly higher. In general, the magnitude of the in- 
line axial r. m. s. velocity, although higher than that recorded in the asymmetric array, 
is significantly lower than that in the staggered one, particularly behind even row 
cylinders. 
Figure 4.13 shows a comparison of the radial r. m. s velocity profiles, (v'- v'p, )/U», 
behind the first four row cylinders between the three arrays. 
Asymmetric and staggered arrays. Firstly, it can be seen that the distributions of the 
normalised radial r. m. s. velocity are the same for both arrays on the entrance to the 
tube bank and uniform across the measurement plane. The profiles behind the first 
row cylinder are similar to the corresponding axial r. m. s. ones shown in Figure 4.12. 
Slightly lower magnitude values than those in the staggered array are observed along 
the inner shear layer and in the wake. The r. m. s. peak magnitude in the asymmetric 
array is 19% lower than the staggered ones. In downstream rows the radial r. m. s 
velocities of the asymmetric array are significantly lower. 
A ymmetric and in-line arrays. Figure 4.13 shows clearly that, although at the 
entrance to the tube bank the normalised radial r. m. s. velocities of the two arrays are 
identical, the development in the downstream direction is significantly different. 
Behind the first row the r. m. s. peak in the asymmetric array is slightly closer to the 
centreline and its magnitude about 33% lower than that in the in-line array (which is 
approximately the same as that in the staggered array). The downstream profiles of 
the in-line array, which are symmetrical with respect to the centreline, show that the 
radial r. m. s. magnitude increases by up to 190% from the first to the fourth row. 
Furthermore, the same figure shows a relative steep gradient in the r. m. s. profiles of 
the in-line array behind all row cylinders. This trend is opposite to that observed in 
the asymmetric array where the average value of the radial r. m. s. magnitude along the 
plane investigated behind each row decreases slightly from the second to the fourth 
row and profiles become flatter downstream. 
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Degree of isotropy 
The distributions of the difference, Jv'- u'11U., and ratio, v'/u'. of the r. m. s. 
velocities, plotted in Figure 4.14 and 4.15 respectively, assess the degree of 
anisotropy in the turbulence generated by the tube bank. The difference of the two 
r. m. s. components (Figure 4.14) is near zero over the whole flow domain indicating 
that the turbulence could be assumed highly isotropic, with the exception of the 
shoulders of the third and fourth cylinders where the difference between the two 
components reaches a value of about 0.4U.. In the staggered array with circular 
cylinders studied by Balabani (1996) a pronounced difference between the two r. m. s. 
components could be observed downstream of the second row (50% of U.. ) whereas 
differences up to 30% of U. occurred downstream of other rows. 
More information can be obtained from the distribution of the ratio of the radial and 
axial r. m. s. velocities shown in Figure 4.15. Although the contour plot confirms that 
over the outer shoulders of downstream rows (especially the third and fourth rows) 
the turbulence is highly anisotropic (v'/u' > 1.8), it also shows that the turbulence 
cannot be considered isotropic through the rest of the flow domain particularly in the 
wakes. It should be noted that the turbulence is isotropic on the entrance to the bank 
and that the degree of anisotropy, (1 - v'/u'), is less than 20% in the wake of the first 
row. However, in the wakes of the downstream rows the anisotropy raises above 60% 
with maximum values in the proximity of the downstream cylinders (80%). 
Vortex formation length 
The vortex formation length, LF, was estimated at Re = 12,800. Due to the larger 
longitudinal spacing between cylinders in a longitudinal row than in the in-line array 
with elliptic cylinders the vortex formation length could be measured behind all row 
cylinders. As already stated in Chapter 3, the vortex formation length is defined here 
as the distance downstream of the cylinder axis to a point where the r. m. s. velocity 
fluctuations are maximised on the wake centre line, u',,, (Williamson, 1996). Figure 
4.16 shows the variation of the ratio of the axial r. m. s. velocity to u'max, u'/u'., 7. with 
7 See note at page 77 (Chapter 3). 
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the normalised distance, xdd from the centre of each cylinder for the Reynolds 
number studied. In Table 4.1 the vortex formation length, LF, behind each row 
cylinder of the asymmetric array is given. 
Table 4.1. Vortex formation length, LF, in the asymmetric array with circular 
cylinders. 
ASYMMETRIC ARRAY WITH 
CIRCULAR CYLINDERS 





5 th 1.1 
6 `h 1.6 
It can be seen that the location of the maximum r. m. s. velocity and consequently the 
vortex formation length depends on the row cylinder, as expected. The vortex 
formation length normalised with d, Lad, has similar values for the first (L1/d = 1.65) 
and sixth (L1Jd = 1.6) rows, and for the inner rows, that is the third (Lp(d = 1), fourth 
(L11d = 1) and fifth (Lr/d = 1.1) row. The vortex formation length behind the first 
cylinder (L1/d = 1.6) is expected to be similar to the one of a single cylinder and the 
same is true for the 6`h cylinder. This suggests that the 
formation length behind the 
sixth cylinder is hardly effected by the presence of the upstream cylinders. As already 
stated in Chapter 3, the vortex 
formation length decreases with increasing the 
turbulence level. The turbulence levels increase in downstream rows; however, a 
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continuous decrease of the vortex formation length in downstream rows was not 
observed. This suggests that in the asymmetric array the effect of the turbulence level 
on the vortex formation length is negligible compared to the effect that the 
arrangement of the tubes has on the fluid dynamics of the wake and, consequently, on 
the vortex formation length itself. The contour plot in Figure 4.3 (which does not 
show the velocity distribution behind the fifth and sixth cylinder) clearly shows a 
larger and longer mean recirculating bubble behind the second row and a smaller one 
behind the third and fourth rows, confirming the results shown in Table 4.1. 
However, it should be noted that the second row profile is relatively flat around its 
peak and a small difference between r. m. s. values may lead to large errors in 
formation length determination. Table 4.1 gives, therefore, a range of values rather 
than a single figure for the vortex formation length. The size of the mean 
recirculating bubble behind the first cylinder is intermediate between the third, or 
fourth, and the second one. The u'Iu'.,, profiles behind the first and second cylinder 
differ significantly from those of the other cylinders, probably due to the fact that the 
now approaching them is only partially obstructed if not at all as for the first one. In 
fact, the corresponding u'Iu'max distribution is rather flat compared to that of the third, 
fourth and fifth cylinders, which peak around the maximum r. m. s. velocity. The 
second cylinder distribution is however flatter than that of the first one and presents a 
long tail characterised by a relatively more gradual r. m. s. velocity gradient. 
4.2.3 Flow periodicity 
Velocity spectra were estimated in selected locations at Re = 8,870 (xC/SL = 0.5, y/ST 
=±0.139 and - 0.417). In order to evaluate the 
dependence of the vortex shedding 
frequency on the Reynolds number, additional time resolved measurements were 
taken at x /SL = 0.5 at two transverse locations (± 0.139ST away from the cylinders' 
centrelines), in the range 1,570 < Re < 8,870. 
Figure 4.17 shows typical power spectra behind each row at Re = 8,870 and steady 
flow conditions (note that the spectra do not have the same scale due to both the 
significant different amplitude of the peaks and the necessity to 
highlight the smaller 
ones). 
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First and second row cylinders. It can be observed that there is not any distinct 
periodicity behind the first row of the bundle. A distinct frequency peak appears 
instead behind the second row at y/ST =-0.417 with ff = 20 Hz. The corresponding 
Strouhal number, defined by the cylinders' diameter and the gap velocity, is 0.22, 
which agrees with the Strouhal number for a single circular cylinder (St = 0.20). This 
peak is not detectable on the position symmetrically located with respect to the 
cylinder centreline, that is, at y/ST =-0.139. Similarly, two peaks appear around the 
20 Hz frequency behind the third and fourth rows. 
Third row cylinder. Behind the third row (y/ST =+0.139) the amplitude of these two 
peaks, whose frequencies were 18.2 Hz and 22.1 Hz respectively, was approximately 
equal to 10 (arbitrary units). It should be noted that the average of this frequencies 
weighted with their relative amplitudes is equal to 20 Hz, which is also the natural 
shedding frequency recorded behind the second row. Behind the same row, but on the 
opposite side of the centreline (y/ST =-0.139) a peak of lower amplitude (4.29) is 
observed at 19 Hz. It should be noted that, also in this case, the weighted average of 
this frequency with with the secondary ones observed at 19.2 Hz and 22.3 Hz 
respectively, is equal to 20 Hz. 
Fourth row cylinder. Similarly, behind the fourth row two peaks (at y/ST =-0.417 
and y/ST =+0.13) are observed around the frequency at 20 Hz. The peaks at y/ST =- 
0.417 (18 and 22 Hz respectively) have considerately higher amplitudes than the ones 
recorded behind the upstream rows. At y/ST =-0.139, the amplitude of the peak at 20 
Hz, a frequency which is expected to be related to vortex shedding, is approximately 
equal to 2.28 (compared to 15 for the opposite location). 
Fifth row cylinder. Below the fifth row (x/SL =+0.13) one dominant peak at 20 Hz 
is observed at y/ST = 0.139. On the negative side of the centreline (y/ST =-0.139) 
minor peaks around the 20 Hz frequency are again observed. 
It should be observed that as Figure 4.17 show power, and not amplitude, spectra, the term 
"amplitude" refers here to the arbitrary amplitude of the peaks and not to the actual amplitude of the 
corresponding oscillations. 
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Sixth row cylinder. The features of the spectra behind the last row (the sixth) are 
unique. The amplitude-dominant peaks recorded on both sides of the centreline shift 
towards lower frequencies. The peaks at y/ST =-0.417 and at y/ST =-0.139 were 
observed at 15.9 Hz (St - 0.17) and 11.4 Hz (St = 0.13) respectively. 
It is not possible to infer a unique amplitude for the frequency peaks observed in each 
row due to their multiplicity, and evaluate its dependency on the row depth. 
Nevertheless, if we consider the amplitude of the dominant peak in the wake of each 
cylinder, then it is apparent that its amplitude increases from the second row up the 
fifth one, and decreases afterwards. 
Time resolved measurements were taken downstream of each row (xdd = 0.5 and 
y/ST =-0.417, y/ST =±0.139 ) for Reynolds numbers varying from Re = 1,331 to 
8,870 to examine how the spectra characteristics vary with the Reynolds number. For 
brevity, only the power spectra behind the sixth row for various Reynolds numbers 
are shown (Figure 4.18)9. These show the presence of a distinct peak whose 
frequency shifts as the Reynolds number increases. Furthermore, as the Reynolds 
number increases the number and amplitude of peaks increases. It should be noted 
that at Re = 1,331 (the corresponding spectrum is not shown for brevity) no 
frequency peak of significant amplitude could be observed behind all rows. Finally, 
Figure 4.19 shows the variation of the natural shedding frequency, ff0, with the 
Reynolds number, Re, at selected locations behind the third, fourth and fifth 
cylinders. The variation of the shedding frequency is linear behind all rows. 
However, it is apparent that the linear dependence f50-Re in the inner rows, as 
previously stated, is similar but differs from that 
in the last (the sixth) one, which 
shows unique features. This is probably due to the fact that the shear layers 
separating from the sixth cylinder 
do not impinge onto downstream cylinders. 
Furthermore, the different shedding frequencies recorded on the two sides of the last 
cylinder centreline are probably caused 
by the asymmetry of the flow approaching the 
cylinder and in particular by its effect on the separation of the boundary layers from 
the two sides of the cylinder. 
9 It should be observed that the features of the flow behind the sixth cylinder are not representative of 
the array. However, the linear variation of the shedding 
frequency with Re is similar to that observed 
behind the upstream rows. 
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4.3 Pulsating flow conditions 
A sinusoidal pulsation, Uosc = AU sin2mfd, was superimposed on the flow entering the 
test section. The pulsation frequency varied between 7 Hz and 14 Hz. The relative 
amplitude of the pulsation, Aa, and the Reynolds number, Re, varied between 0.24 
and 0.35 and between 2,700 and 4,900 respectively. 
Detailed measurements were taken at fd = 10 11z10, and the corresponding axial mean 
and r. m. s. velocity distributions are discussed below. 
4.3.1 Mean velocity 
Figure 4.20 shows a comparison between the axial mean velocity profiles in steady 
and pulsating flow (fd = 10 Hz, Re = 4,900). The relative amplitude of the pulsation, 
1U/U«, was kept constant at 0.24 (c = AU/(2ltfdd) - 0.14). It should be noted that the 
integral of the velocity profiles evaluated at each station varies within 1% between 
steady and pulsating flow. In order to compare the effect of pulsations on both the 
mean now and the turbulence level measurements were taken at the same Re. The 
upstream bulk velocity was in both cases equal to 0.6 m/s. As it can be seen from 
Figure 4.20 at the entrance to the tube bank the flow is symmetrical in both steady 
and pulsating flow. Furthermore, the magnitude of the mean velocity is generally not 
altered by the pulsating flow. As was also observed in the in-line array with elliptic 
tubes, a more pronounced recirculation (higher negative velocities) and a higher 
symmetry of the flow around the cylinder centreline is observed behind the first row 
in pulsating flow. Slightly higher negative velocities are observed in the wake of 
downstream rows in steady flow (i. e. fifth and sixth rows; the differences in the 
wakes of the second, third and fourth rows are negligible), in contrast to what was 
observed behind the first row. In general, however, no significant effect of pulsations 
can be noticed in agreement with the results for the in-line array with elliptic tubes. 
The difference in the negative velocities is compensated outside of the wake. This is 
particularly evident behind the fifth and sixth rows where this compensation occurs 
in the freestream with higher positive velocities observed in steady flow. 
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4.3.2 Turbulence level distributions 
A comparison of the axial r. m. s. velocities measured in steady and pulsating flow is 
given in 4.21. The r. m. s values correspond to the velocity records from which the 
mean velocity profiles shown in Figure 4.20 were calculated. The r. m. s. values are 
based on the entire signal, and therefore include 'a pseudo-turbulence' contribution by 
the variation of the mean flow due to pulsations. The latter could be evaluated by the 
difference of the r. m. s velocity magnitudes between pulsating, u's,, and steady flow, 
u',, upstream of the tube bank (x/SL _ -1.0). The normalised "pseudo" turbulence, 
Au'/U¬ _ (u 'p - u's)upstre. JU.., was estimated to be equal to 0.20. It can be observed 
that on the entrance to the tube bank the turbulence difference between pulsating and 
steady flow has increased with respect to the upstream value (Eu'/U.. = 0.20). This 
difference is about 0.24 in the freestream and reaches a value of 0.61 in the proximity 
of the cylinder wall. The increase in the turbulence levels in pulsating flow cannot be 
attributed to the "pseudo-turbulence" introduced, but to changes in the structure of 
the flow caused by the pulsations. In agreement with the results for the in-line array 
with elliptic tubes, the most significant effect of the pulsations on the turbulence of 
the flow can be observed in the wake of the first cylinder itself. The average 
turbulence difference between pulsating and steady flow on the entrance plane (x/ST 
= 0.0) was estimated to be equal to Au'/U, = 0.53. It can be seen clearly that even 
when the contribution of the pulsations to the velocity signal is removed the r. m. s. 
velocities in pulsating flow are still higher than those in steady flow. The r. m. s. 
amplitude of the velocity fluctuations rises by about 270% when the flow is pulsed, 
but only 180% of this increase can be attributed to changes in the structure of the 
wake caused by the pulsations. The effect of pulsations in the freestream is 
negligible. 
In general, in contrast to what was observed in the in-line array with elliptic tubes, 
the r. m. s. values for pulsating flow are not higher throughout the flow-field, despite 
the pseudo-turbulence introduced by the flow pulsation. Outside of the wakes the 
difference of the normalised r. m. s velocities between pulsating and steady flow is 
negligible behind downstream rows partly 
due to the fact that the steady flow 
turbulence levels increase. In the wake regions the effect of pulsations is still 
10 This frequency of 10 Hz was not chosen arbitrarily. In fact, it was the one at which the pulsations 
waveform best approximated a sinusoid. 
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noticeable, but it is significantly lower than that behind the first cylinder and slightly 
higher than the one upstream of the tube bank. 
As mentioned earlier, the "pseudo-turbulence" was determined from the difference of 
the r. m. s velocity magnitudes between pulsating, u'p, and steady flow, u',, upstream 
of the tube bank. In order to verify the above estimation, the contribution of the 
pulsations to the turbulence level was "filtered out" from the measured signal in 
pulsating flow, and the "filtered" or real turbulence so obtained was compared with 
the corresponding one obtained in steady flow. As expected, no difference in the real 
turbulence between pulsating and steady flow was observed upstream of the bundle. 
Figure 4.2211 shows a comparison of the time trace and spectrum of the upstream 
(X/SL _ -1.0, y/ST = 0.0) axial instantaneous velocity in pulsating (Figures 4.22 (a) 
and (b)) and steady flow (Figures 4.22 (c) and (d)) at Re = 4,900. The frequency and 
relative amplitude of the pulsation were fd = 10 Hz and Aa = 0.24 respectively. The 
amplitude spectra clearly shows a well defined peak at 10 Hz whose amplitude, AU, 
is about 0.145 m/s. The frequency spectrum of Figure 4.22 (b) was notch-filtered'2 in 
order to remove any frequency associated with the variation of the mean flow (in the 
present case the frequency was the one of the superimposed pulsations, that is 10 Hz) 
and estimate the effect of the pulsation on the turbulence of the flow. The periodic 
contribution of the pulsation obtained is shown in Figure 4.23 (b). This was removed 
from the signal and the "real r. m. s" was estimated (Figure 4.23 (c)). A comparison of 
the r. m. s velocity magnitudes between steady (Figures 4.22 (e)13) and pulsating flow 
(Figure 4.23 (c)) showed that there is no effect of the pulsations on the turbulence of 
the flow upstream of the tube bundle. Figure 4.23 (d) shows the superimposition of 
the filtered pulsating mean flow (blue line) onto the original time-velocity record (in 
red), which gives a qualitatively assessment of the filtering technique. 
The graphs in Figure 4.23 were obtained by processing time-velocity records by means of the 
commercial software package called 
MATLAB. 
12 The technique was briefly described in Chapter 2. 
13 It should be noted that the time trace shown in Figure 4.23 (b) is not filtered of its steady mean flow. 
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Vortex formation length 
Figure 4.24 shows the centreline development of the axial mean and r. m. s. velocities 
normalised with u'.,, and U.. respectively for pulsating conditions (Re = 4,900, fp 
= 10Hz). It should be noted that, as expected, the position of the r. m. s peaks coincide 
with the one defined by the point of zero mean velocities (rear stagnation point). The 
latter indicates how rapidly the axial mean velocity defect in the wake has recovered 
or the end of the recirculation bubble. 
It can be seen from Figure 4.24 that the r. m. s. distribution behind the first cylinder 
has its peak at 1.4 diameter downstream from the centre of the cylinder, that is x, = 
1.4d. The profile differs from the downstream ones in that the variation of the r. m. s 
magnitude along the cylinder centreline is more apparent (steeper velocity gradient) 
then those behind downstream rows. These, in fact, appear flatter and the 
correspondent r. m. s. peaks are less defined than those behind the first row. This is 
due, as previously stated, to an increased turbulence mixing in downstream rows 
favoured by the asymmetrical arrangement of the cylinders. It should be observed 
that the r. m. s. increases steeply from the proximity of the rear stagnation point up to 
x, = 1.4d, which also defines the vortex formation length of the first cylinder. At xc _ 
2.1d, x-co-ordinate of the centre of the downstream cylinder (the 2"d one) the r. m. s. 
magnitude rises again. Behind the second cylinder the r. m. s. peak is observed at xc _ 
1.2d. Again the r. m. s. velocity magnitude increases (the increase is characterised by a 
steep gradient but less steep than the corresponding one observed behind the first 
row) up to the r. m. s. peak. This is followed by a gradual decrease up to about xc = 
2.1d; at xe > 2.1d a slight increase is observed. The profiles behind the third, fourth 
and fifth rows are slightly different; the r. m. s. peak is closer to the rear stagnation 
point of the upstream cylinder (xc = 0.9d - 1.0d). The main difference between these 
profiles is the location and the slope of the r. m. s. velocity gradient downstream of the 
relative r. m. s peak x-co-ordinate. The velocity gradient increases significantly from 
the third to the fifth cylinder. Behind the latter the r. m. s. increases up to values higher 
than that of the r. m. s. peak magnitude in the near wake. The profile behind the last 
cylinder shows unique features. The peak is observed at xc = 1.2d as behind the 
second cylinder, but the increase of the r. m. s. magnitude up to the relative peak and 
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its successive decrease are very smooth and no further increase is observed in the far 
wake probably due to the absence of downstream cylinders. 
Figure 4.24 shows also the variation of the normalised mean velocity along the 
cylinders' centrelines. The normalised main velocity profiles show similar features. 
Three regions can be identified along the profile behind the first row. A first one, 
which extends from the rear stagnation point up to xc =1.2d, characterised by a 
negative uniform value of the mean velocity, a second one, which extends from xe 
=1.2d up to about to xc =2.1d (position corresponding to the centre of the downstream 
cylinder), identified by a steep uniform increase and, finally, a last one characterised 
by an approximately uniform positive value of the axial mean velocity. 
Three regions can also be identified in the downstream profiles. However, they are 
not as well defined as behind the first one: in particular as the vortex formation 
length (position of the maximum r. m. s velocity along the centreline) decreases, the 
first region shortens. It can be seen that behind the fifth cylinder, whose vortex 
formation length is about 0.9d, the first region cannot be detected, while behind the 
sixth one both the first and third regions can be identified only by a very slight 
variation of the slope of the velocity gradient. 
Finally, as already stated, the point along the centreline where the mean velocity 
magnitude is zero is approximately equal to that of the maximum r. m. s velocity in all 
profiles. Table 4.2 shows a comparison of the vortex 
formation length obtained in 
steady and pulsating flow (fd = 10 Hz) at Re = 12,800 and 4,900 respectively. It is 
apparent that despite of the lower Reynolds number, the pulsations have the effect of 
reducing the vortex formation length 
behind the first two rows and the sixth one. In 
inner rows, where the effect of pulsations is weaker, the vortex formation length is 
unchanged. It should be noted that although the effect of pulsations on the turbulence 
levels is more pronounced in the wake of the first cylinder, the reduction of the 
vortex formation is significantly 
larger behind the second one. This can probably be 
attributed to the effect of the pulsations on the 
fluid dynamics characteristics of the 
flow approaching the cylinder 
14, and in particular of the flow in the wake of the 
14 It should be observed that the unique 
features of the flow around the second cylinder are partly due 
to the fact that, as already stated, the 
flow approaching it is only partly obstructed by the first one. 
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upstream one (the first cylinder). As was also confirmed by the visualisation study 
(see paragraph 4.9), the most significant effect of the pulsations was observed in the 
wake of the first cylinder. The changes in the structure of the flow caused by the 
pulsations have, as stated, an apparent impact on the mean recirculation region and 
the vortex formation length of the downstream cylinders and particularly of the 
second one. The larger variation in the vortex formation length behind the second 
cylinder than behind the first one also implies that any change in the vortex formation 
cannot be directly or solely related to the variation of the turbulence levels of the 
cylinders themselves caused by the pulsations. 
Table 4.2. Comparison of the vortex formation length obtained in steady and 
pulsating flow (fd = 10 Hz) at Re = 12,800 and 4,900 respectively. 
ASYMMETRIC ARRAY WITH 
CIRCULAR CYLINDERS 
(steady flow) 
ASYMMETRIC ARRAY WITH 
CIRCULAR CYLINDERS 
(pulsating flow) 
Row Cylinder Ldd (Re = 12,800) L}Id (Re = 4,900, fd = 10 Hz) 
1at 1.65 1.4 
2°' 2.2<LFId<2.5 1.2 
3rd 1.0 1.0 
4th 1.0 1.0 
5th 1.1 1.0 
6w 1.6 1.2 
It should be observed that if the measurements in pulsating flow had been taken at 
the same Re as in steady flow (Re = 12,800), the location of the r. m. s peak behind all 
rows would occur closer to the cylinder rear wall. 
It is possible that the peak location 
is too close to the wall to be identified using LDA. 
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4.3.3 Vortex shedding characteristics and lock-on 
Velocity spectra in pulsating flow (Re = 2,700 and 4,900, fd = 10 Hz) were estimated 
at one axial location behind each cylinder (xdd = 0.5), at different transverse 
locations and for two different relative amplitudes, A0, that is A. as 0.35 (Case 1) and 
AO - 0.24 (Case 2) respectively. Generally two lock-on modes can be identified in 
tube arrays in crossflow (Konstantinidis, 2001): the vortex shedding frequency can 
either lock on the pulsation frequency or half of it. The experimental results showed 
that in the asymmetric array with circular tubes both modes of lock-on could be 
identified, depending on both the driving frequency, fd, and the relative amplitude, 
Ao. 
Case 1. Pulsating flow (Re = 2,700, fd = 10 Hz and Ao 0.35). Figure 4.25 shows 
amplitude spectra and time traces upstream of the tube bank and behind the first row 
cylinder in pulsating flow at Re = 2,700 and Ao = 0.35. A peak is observed at 10 Hz 
(A = 0.069 m/s), (Figure 4.25a) corresponding to the frequency of the superimposed 
pulsations. The time trace (Figure 4.25 (b)) clearly shows the time-dependent mean 
flow (nearly sinusoidal). Figures 4.25 (c) and (d) show clearly that while the steady 
flow spectra recorded behind the first row were characterised by the absence of a well 
defined vortex shedding frequency the pulsating flow spectra exhibit two dominant 
peaks, one at the frequency of pulsation, 10 Hz (A = 0.054 m/s), and the second, of 
higher amplitude, at half the pulsation frequency, 5 Hz (A = 0.155 m/s). The 
superimposed pulsations incite vortex shedding from the first cylinder, which was 
suppressed in steady flow, as was also observed in both the in-line arrays with elliptic 
(Castiglia et al, 2001) and circular tubes (Konstantinidis et al, 2000) respectively, 
Figure 4.26 shows a comparison of selected amplitude spectra16 and time traces 
behind the first row at different transverse locations. Although two dominant peaks 
can be observed in all spectra, one at the pulsation 
frequency, 10 Hz, and the second 
at half of it, 5 Hz, the amplitude of the peaks varies along the transverse direction. In 
16 It should be noted that the amplitude of both the pulsations and the natural vortex shedding peak 
play a key role in the lock-on phenomenon. 
Therefore, amplitude spectra were here preferred to power 
spectra which were 
instead used in steady flow. 
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particular the amplitude of the peak at 5 Hz increases significantly from y/ST = 0.389 
(A = 0.04 m/s) to y/ST = 0.167 (A = 0.155 m/s) as the cylinder wake is approached. 
Figure 4.27 shows amplitude spectra in the wake of the downstream rows. It can be 
seen that the first mode of lock-on (i. e. at half the pulsation frequency) occurs 
primarily behind the first row. In general, the corresponding lock-on effect is less 
strong in inner rows and weakens with row depth (as was also observed in the in-lint 
array with elliptic tubes; the amplitude of the 5 Hz peak generally decreases in the 
downstream direction while that of the peak at 10 Hz increases). 
Case 2. Pulsating, f low (Re = 4,900, fd =10 Hz and A. a0.24). Velocity spectra were 
also estimated in pulsating flow at the same driving frequency, fd = 10, and locations 
as those of the spectra described above, at Re = 4,900. The relative amplitude, A0, 
upstream of the tube bundle was approximately equal to 0.24. Figure 4.28 show 
amplitude spectra and time traces of the flow upstream of the tube bundle (x/SL _- 
1.0), behind the first and fifth cylinders in pulsating flow. It is apparent that the 
amplitude (A = 0.155 m/s) of the incoming pulsations (Figure 4.28 (a)) is 
significantly higher than that (A = 0.07 m/s) corresponding to the velocity spectrum 
shown in Figure 4.25 (a) previously discussed. It should be noted that although the 
amplitude of the pulsations upstream of the tube bundle is higher, the relative 
amplitude, A0, that is, the ratio between the amplitude of pulsations (averaged in 
time) and the upstream bulk velocity, is considerably lower (A0 - 0.24 against A. - 
0.35). It should be observed also that due to the increased Reynolds number (from Re 
= 2,700 to Re = 4,900) the natural vortex shedding 
frequencies (in the present array, 
as already stated, multiple shedding 
frequencies could be identified) in steady flow 
also increase. Therefore, the natural vortex 
formation frequency, f0, was, in general, 
closer to the superimposed driving 
frequency, fd. This condition favoured the 
occurrence of the first mode of 
lock-on. It should be noted that no peak at 5 Hz, that 
is at half the pulsation frequency, is observed in Figure 4.28, confirming that the 
vortex shedding frequency 
locks-on at the pulsation frequency, that is at 10 Hz. The 
amplitude of the frequency peak at 10 
Hz is also substantially increased in relation to 
the upstream value (A = 0.27 compared with 0.145 upstream). However, the 
amplitude of the peak behind the 
fifth row (Figure 4.28 (e)) is significantly lower 
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than that behind the upstream rows denoting a diminishing effect of pulsations with 
row depth. 
4.4 Skewness and kurtosis in steady and pulsating flow 
The skewness and kurtosis of the velocity probability function were also determined 
in both steady and pulsating flow at one axial station behind each row (xo/SL = 0.5) at 
Re = 4900. Figures 4.29 (a) and (b) show the kurtosis and skewness profiles'7 
respectively behind the first and second rows in steady flow (Re = 4900). The planes 
along which measurements were taken are shown in the same figures by dashed lines. 
It is apparent that both skewness and kurtosis profiles are quite uniform on the 
entrance to the tube bank. Their magnitudes are approximately equal to those for a 
normal distribution, that is 3 for the kurtosis and 0 for the skewness. Their profiles 
and magnitudes behind the first cylinder do not seem to be affected by the presence 
of the downstream one up to about x/SL = 0.59. 
Kurtosis in steady flow. In the wakes of the first and second cylinders the kurtosis 
(Figure 4.29 (a)) values are similar to the ones in the freestream and comparable to 
those for a normal distribution, that is Kr = 3. Clearly the downstream profiles show 
two relative maxima, whose magnitude is increasing in the downstream direction. 
The profile at x/SL = 0.59 presents two maxima, symmetrically positioned around the 
first cylinder centreline (x/ST =±0.167). Their magnitudes are 5.6 and 4.6 
respectively. In downstream profiles the positive peak 
(that is the one on the positive 
y-direction) moves away from the centreline in agreement with the outward shift of 
the outer shear layer separating from the first cylinder. Furthermore, these peaks 
broaden in downstream direction, in agreement with the increasing shear layer 
thickness. The latter indicates also the distance along the transverse direction which 
separates the freestream, characterised 
by high flow velocities, and the wake. This 
implies that in this restricted region very similar velocity scales are recorded. 
17 It should be noted that the skewness and 
kurtosis values in Figures 4.29 (a) and (b) were multiplied 
by a factor of 2 and 5 respectively 
in order to magnify the profiles' gradients. 
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Skewness in steady flow. Figure 4.29 (b) shows the skewness distribution behind the 
first two rows in steady flow (Re = 4900). The skewness profiles at x/SL =0 and 0.19 
are quite uniform. The magnitude of the skewnees along these profiles as well as 
along the freestream is approximately equal to that for a normal distribution, that is 0. 
The profile at x/SL = 0.4 has two negative maxima at y/ST =±0.167, corresponding 
to the locations of the maximum kurtosis. Low velocity regions move intermittently 
into those where the maxima are recorded, where high velocities are mostly present, 
i. e. on average the flow has large fluctuations below the mean more often than above 
it. Further downstream the two peaks are observed at the same locations as the 
maxima kurtosis and accordingly move away from the centreline. The skewness peak 
recorded on the positive y-direction increases in magnitude while the skewness 
values along the wake centreline (which differs from the upstream cylinder 
centreline) do not deviate significantly from that of a normal distribution. Over the 
shoulder of the second cylinder the value of the peak on the negative y-direction 
decreases with respect to the one on the opposite direction. This is probably due to 
the acceleration of the flow, which reduces the effect that the aforementioned 
incoming low velocity regions have locally on the velocity distribution and therefore 
on the magnitude of the skewness. In the wake of the second row (x/SL ý 1.59) the 
skewness profiles show (yCSL<_ 0, where yc represents the y-axis of the local co- 
ordinate system of the second cylinder) a negative peak, in a position again 
corresponding to the shear layer separating from the second cylinder, which moves 
away from the centreline and decreases in magnitude in the downstream direction. 
Further downstream (x/SL>_ 2.59) the profiles (not shown) are more uniform and the 
skewness values tend to those for a normal distribution, that is, Sk = 0. This implies 
that in the downstream direction the fluctuations are more uniformly distributed 
around the mean local velocities than 
behind the first cylinder. 
Comparison of skewness and kurtosis profiles between steady and pulsating 
flow 
Figure 4.30 shows a comparison of the kurtosis and skewness profiles between 
steady and pulsating flow on the entrance to the tube 
bank and behind the first row. It 
is apparent from Figure 4.30 (a) that the skewness is not affected by the pulsations 
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upstream of the tube bundle and the corresponding upstream velocities, as indicated 
by the zero skewness values, have a normal distribution. However, although both the 
profiles in steady and pulsating flow exhibit two negative peaks around the 
centreline, these peaks are higher and broader in pulsating flow. This implies that in 
pulsating flow large fluctuations below the mean local velocity are much more 
frequent than in steady flow. This is probably due to the high frequency (10 Hz) at 
which vortices, which can be considered as carriers of low velocity regions 
intermittently moving into the accelerated shear layers, were shed. Figure 4.30 (c) 
shows that upstream of the tube bank (x/SL _ -1.0) the kurtosis values are higher in 
steady than in the pulsating flow. This means that the velocity distributions upstream 
of the tube bundle are slightly more peaked than the pulsating ones. Behind the first 
row, the profiles are identical to the ones recorded upstream of the tube bank in the 
freestream, while significant differences can be observed along the shear layers and 
in the wake. Two positive peaks are observed in both profiles, at locations 
corresponding to the maximum kurtosis values. It is apparent that the peaks in 
pulsating flow are much higher (Kr = 11.9 and 8.2 on the positive and negative y- 
directions respectively; the ones in steady flow are not higher than 4.3) and broader. 
Therefore, in pulsating flow the velocity distributions along the shear layers 
separating from the upstream cylinder are more peaked around the mean local 
velocities and have a longer left tail (the distribution is skewed to the right) than the 
ones in steady flow. The latter, therefore, are flatter and more symmetrical implying 
that less dissimilar velocity scales are locally recorded. In downstream rows the 
differences in the skewness and kurtosis profiles between steady and pulsating flow 
were less significant since the effect of pulsations was less pronounced than in the 
first row. 
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4.5 Flow visualisation 
In order to investigate the near wake fluid dynamics and the flow periodicitics in the 
asymmetric array with circular tubes and complement the LDA findings visualisation 
pictures have been taken and extensively examined in both steady and pulsating flow 
behind the first, second and third cylinders. 
Selected visualisation pictures obtained behind the first and second cylinders in 
steady flow are shown in Figures 4.31-4.43. Selected frames for pulsating flow 
behind the first cylinder are also shown in Figure 4.44 for a driving frequency of 10 
Hz. 
The time interval between frames, ATF, was equal to 20 ms. The first frame, Frame 1, 
was arbitrarily chosen as corresponding to the observation time t=0. In the sequence 
of frames time increases from left to right and from top to bottom. The nomenclature 
adopted does not differ from that used in the description of the visualisation pictures 
shown in Chapter 3. 
Sumner et al (2000) identified nine flow patterns in their visualisation study about 
the now around two circular cylinders in cross-flow, arranged in a staggered 
configuration. The different flow patterns were attributed to the effect of the 
geometrical parameter, P/d, that is the ratio between the centre-to-centre distance 
between successive cylinders in a column and the cylinder diameter, and the angle V 
between the axial direction and the direction defined by P18. At angles yt between 
10° and 30° and for P/d < 3, a single flow pattern was identified and defined as 
synchronised vortex shedding flow pattern. According to its definition, the separated 
shear layer from the upstream cylinder does not reattach onto the outer (here 
"positive") surface of the downstream one. Due to the large angle of incidence, W, 
some of the oncoming mean flow is always permitted to penetrate the gap between 
cylinders. On the other hand, the given 
flow pattern was identified also by the 
geometrical characteristics of the "common" 
far wake downstream of the second 
cylinder. The asymmetric array here 
investigated comprises multiple cylinders in a 
ýa In the asymmetric array here investigated the pitch ratio, P/d, and the angle of incidence, W, were 
equal to 2.3° and 25.5° respectively. 
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row and a direct comparison between the flow patterns identified by Sumner et al 
(2000) and the ones observed in the present visualisation study cannot be made 
considering that a "far wake" cannot be identified in inner rows of an array. The 
comparison was, therefore, limited to the wake of the upper cylinder and the "free" 
shear layer, that is the one not deflected by the downstream cylinder. 
Figures 4.31 (a)-(d) show selected flow visualisation pictures obtained behind the 
first row at Re = 1,100. Despite of the low Reynolds numbers, clear vortex shedding 
activity can be observed behind the first row cylinder, which is in sharp contrast with 
observations in an equivalent in-line array (Konstantinidis et al, 2000). However, it 
is very difficult to establish from the visualisation pictures if the wake flow is 
periodical and if a unique vortex shedding frequency exists. Although the flow 
pattern is nearly symmetrical in the first four frames of the sequence (t = 0-80 ms), at 
t= 100 ms the wake flow is already asymmetrical. The first frame (t =0 ms) of 
Figure 4.31 (a) shows two vortices, P, clockwise, and N1, anticlockwise, shed by the 
first cylinder and convected downstream. From t=0 ms to t= 60 ms the two vortices 
grow in size while convected downstream at approximately the same axial velocity. 
p, is slightly smaller in diameter due to the presence of the downstream cylinder, 
which has the double effect of deflecting Pi toward the centreline and limiting its 
growth in size. P1, therefore acquires a transverse velocity component which delays 
its downstream axial convection. Overtaken by N, at t= 80 ms, P1, is again free to 
grow in size. At t= 120 ms it crosses the centreline and about 20 ms afterwards it 
finally dissipates into turbulence. Meanwhile a second anticlockwise vortex, N2, has 
formed and is convected downstream. It can be seen that at t= 120 ms N2 (shown in 
the successive frame, t= 140 ms) draws into the wake irrotational flow. We can 
assume this time frame as the one at which the flow begins to cross the wake axis 
(since the formation of N2) and the corresponding cross point as the end of the 
formation region, which was graphically estimated to be approximately equal to L1/d 
= 1.3. This value is slightly lower than the one determined by the LDA 
measurements, that is LF/d = 1.6. A similar discrepancy is also observed behind the 
following rows and it can probably be attributed to the asymmetric characteristics of 
the flow as explained later in this paragraph. It can be observed here that the flow 
visualisation consists of instantaneous images of the wake structure while the wake 
parameters determined by the LDA are time-averaged. Furthermore, the deviation 
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between the instantaneous flow patterns and the averaged one is probably more 
significant when the flow field is not symmetrical. The time-averaged velocity field 
is therefore less representative then when the flow is symmetrical. It should be noted 
that the fact that a single vortex shedding could not be ascertained might indicate 
that the wake flow field varies from cycle to cycle. 
A comparison between the frames at t=0 ms, 20 and 40 ms, for instance, with those 
at t= 300,320 and 340 ms shows that the flow pattern repeats (although some 
asymmetries are evident, particularly in the size of the individual vortices) after T= 
300 ms, therefore suggesting a flow periodicity with frequency equal to f, = 1/300 
ms" = 3.3 Hz. On the other hand if the frames at t= 300 ms (Figure 4.31 (b)) and t= 
300 +T= 600 ms (Figure 4.31 (d)) are compared it is clear that the flow pattern as a 
whole is either not periodical or the corresponding vortex shedding is not well 
defined. Furthermore it is important to notice that this vortex activity does not 
involve the whole wake, as a region close to the cylinder wall is almost stagnant, 
resembling the wake characteristics of the first elliptic cylinder in the in-line array 
described in Chapter 3. At this Reynolds number, therefore, the flow images show 
the absence of any significant vorticity in the base region. Furthermore, the 
observation of the flow patterns shown by the visualisation images suggests that the 
process of vortex formation occurring further downstream is not related to any 
vortical activity adjacent to the base of the cylinder. Identical conclusions were 
drawn by Lin et al (1995) in their investigation about the instantaneous near wake of 
a circular cylinder. 
It becomes interesting at this point to investigate if the individual "clockwise" or 
"anticlockwise" vortices are shed periodically and eventually to determine the 
corresponding frequencies. It should be noted that in many of the staggered flow 
patterns, the vortex shedding frequencies are mostly unique for each individual shear 
layer rather than for each cylinder (Summer et al, 2000). A comparison between Ni (t 
=0 ms), N2 (t = 140 ms), N3 (t = 280 ms), 
N4 (t = 420 ms) and N5 (t = 560 ms) shows 
that the anticlockwise vortices are shed at a frequency of about 1/140 Hz = 7.0 Hz. A 
comparison of the individual positive vortices P, (t =0 ms), P3 (t = 280 ms), P4 (t = 
420) and P5 (t = 560 ms) and the frame at t= 140 ms indicates that if a clockwise 
vortex with similar characteristics as P1, P31P4 and P5 could be identified at t= 140 
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ms, then the same shedding frequency of that of the anticlockwise vortices, that is 7 
Hz, could be ascertained. However, it can be seen that the positive vortex P2 that 
appears'9 in the time frame t= 120 ms is not present in the following one (t = 140 
ms). The reason for that can be found observing the frame at t= 120 ms. Three 
vortices can be distinguished: N,, anticlockwise, Pi and P2, clockwise. P, is delayed 
in his downstream convection by both N, and by the deflected positive shear layer, as 
previously stated. This delay causes P, and P2, which bear vorticity of the same sign, 
to collide. 
This implies probably that the clockwise vortices are formed at the same frequency 
as the anticlockwise ones, but both the cycle-to-cycle variations and the asymmetric 
arrangement of the tubes affect only the flow pattern of the convected vortices 
which, therefore, is not periodical, or again whose periodicity is not well defined. 
The presence of the downstream cylinder in fact affects differently the convection 
pattern of clockwise and anticlockwise vortices but not the frequency at which they 
are formed and shed. If the geometrical configuration was symmetrical then the 
downstream cylinders would affect equally the vortices shed from both sides of the 
upstream cylinders and the flow pattern would be eventually clearly periodical. The 
LDA measurements showed that no dominant peak could be observed in the 
frequency spectra obtained behind the first cylinder. This could be partly due to the 
measurement location (as already stated, in the region within the shear layer that 
extends in the downstream direction up to about 0.5d away from the rear stagnation 
point the flow is nearly stagnant) and partly to the described asymmetry of the flow, 
which affects the periodicity of the flow pattern. 
Figures 4.32 (a)-(c) show selected flow visualisation pictures obtained behind the 
second cylinder at Re = 1,100 in steady flow. Significant differences can be noticed 
with the wake geometry and flow dynamics of the first cylinder. Firstly, no stagnant 
region is discernible near the base of the cylinder. The wake is, in fact, characterised 
by intense vortex activity and intense mass transfer across the centreline, which 
inhibits symmetrical vortex shedding. The accelerated and deflected flow through 
19 The vortex is not clearly shown both because it is dissipating and because the image is not as clear 
as the video recording corresponding one, 
but it can be clearly seen in the time frame at t= 40 ms. 
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the gap between the first and second cylinder causes an early separation of the 
boundary layer from the left (inner) hand side of the cylinder wall (sec Frame 1, t=0 
ms). This was also confirmed by the heat transfer measurements described in 
Chapter 6. At t=0, Frame 1, although not clearly shown, an anticlockwise vortex N1 
is formed. In the successive time frames it grows in size and is convected 
downstream (see t= 80 ms) while moving across the wake. Flow is violently drawn 
into the wake by both N1 and by the accelerated shear layer deflected by the 
downstream cylinder (the third one) across the wake. It is interesting to notice that 
the particular asymmetric configuration of the array results into different vortex 
patterns on the two sides of the cylinder. In fact while the negative20 shear layer is 
subjected to large transversal oscillation, due to the effect of the growth and 
convection of N1, the positive shear layer, at least in the near wake of the upstream 
cylinder, flows undisturbed in an approximately axial direction. From t= 80 ms to t 
= 120/130 ms Ni is convected downstream at a very low velocity (in this time 
interval therefore N, stands close to the cylinder base continuously sweeping its 
surface). 
Vortex convection velocity. The convection velocity of N, could be determined by 
estimating the distance travelled by N1 between t= 20 ms and t= 200 ms. In order to 
do so the same grid was superimposed to both frames. The axial and radial 
convection velocity components of N1 were estimated to 
be about 35.1 mm/s and 
31.9 mm/s respectively. The absolute convection velocity was therefore 47.4 mm/s. 
The convection velocity of the clockwise vortex P, was also evaluated by measuring 
the distance travelled between t=0 ms and t= 240 ms. The axial and radial velocity 
components of P1 were estimated to 
be equal to 48.7 mm/s and 19.8 mm/s 
respectively. The resulting absolute convection velocity 
is therefore approximately 
equal to 52.6 mm/s. The significant 
difference (even considering the approximation 
of the evaluation) between the magnitude of the radial velocity components shows 
the effect of the downstream cylinder on the convection of the vortices and the 
asymmetry of the flow. 
20 As already stated, the negative (also anticlockwise) shear layer is the one on the left-hand side of the 
frame. Oppositely, the positive (also clockwise) shear layer is the one on the right-hand side of the 
frame. 
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Vortex formation length. The frame at t= 40 ms can be assumed as the one at which 
the flow begins to cross the wake axis (since the formation of Ni) and the 
corresponding cross point as the end of the formation region. The latter was 
graphically estimated to be equal to LF/d = 1.1, again much lower than the one 
determined by the LDA measurements, that is Lrld = 2.2-2.5. 
This discrepancy can be probably attributed to the fact that the graphical estimation 
of the formation length was made by identifying the point at which the irrotational 
now was drawn into the wake by the anticlockwise vortices only. The clockwise 
ones show a different pattern. They are convected downstream at a nearly constant 
convection velocity, whose radial component is negligible, their size is smaller than 
the anticlockwise ones and the flow they entrain is not visibly drawn across the 
wake. 
Furthermore, it is possible to identify two vortex shedding frequencies, the one 
referring to the shedding frequency of anticlockwise vortices and the other to the 
shedding frequency of the clockwise ones. In fact the flow pattern on the "negative 
half-wake 41 in the frame at t= 60 ms of Figure 4.32 repeats at t= 220/240 ms and 
again at t= 420 ms, with a period of 180 ms corresponding to a shedding frequency, 
ff, equal to 5.55 Hz. It is more difficult to identify a well-defined frequency for the 
positive half-wake vortex activity due to the fact that the vorticity of the shed 
vortices is much lower than that of the anticlockwise ones and also due to the 
different phase and therefore different interaction pattern between clockwise and 
anticlockwise vortices in time. By comparing Frame 1, t=0 ms, with that at t= 120 
ms of Figure 4.32, it can be seen that the flow patterns repeats after t= 120 ms and, 
therefore, clockwise vortices (the vortex in Frame 1 is not clearly shown, but visible) 
are shed with a frequency of about 1/120 ms = 8.3 Hz. However, it should be noted 
that the LDA measurements showed that no dominant peak could be observed in the 
frequency spectrum (not shown for brevity) obtained behind the second cylinder at 
such low Re (Re =1,100). 
21 The negative (also anticlockwise) half-wake is the one on the left-hand side of the frame. 
Conversely, the positive (also clockwise) half-wake is the one on the right-hand side of the frame. 
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Figure 4.33 (a)-(b) show four zoomed images of the separation points of the steady 
now past the first cylinder (a) and the separation point of the flow past the negative 
(or anticlockwise) side of the second cylinder (b) respectively. Figure 4.33 (a) shows 
that the separation points of the flow past the first cylinder can be located by direct 
observation at approximately 90 degree from the front stagnation point. From Figure 
4.33 (b) it can be clearly seen that, as previously stated, the separation of the flow 
past the anticlockwise side of the second cylinder occurs earlier than 90 degree. On 
the opposite side (clockwise) the separation point (not shown) can be again located 
at about 90 degree from the front stagnation point. 
Figures 4.34 (a)-(b) show a complete cycle of vortex shedding behind the first 
cylinder under pulsating flow conditions (fd = 10 Hz, A. = 0.24, Re = 4,900). The 
sequence of pictures shows clearly that the superimposed pulsations have 
significantly altered the flow pattern. The first frame (t =0 ms) shows two vortices, 
P2 clockwise, and N2 anticlockwise, that are forming, while other two, P, and Ni are 
shed and convected downstream. It is noticeable that, similarly to what observed in 
the in-line array with elliptic tubes, the pulsations promote symmetrical vortex 
shedding (see in particular the frames at t= 120 ms, and the one at t= 140 ms). The 
downstream cylinder has the effect of limiting the growth of the clockwise vortices 
(which are, in fact, smaller than the corresponding anticlockwise ones) by deflecting 
and accelerating the clockwise shear 
layer into the gap between the cylinders. The 
deflection of the shear layer can be estimated by the frame at t= 80 ms, which shows 
a comparison between the direction of the shear 
layer on opposite sides of the 
centreline. The direction of the anticlockwise shear 
layer does not vary significantly 
in time, it only follows the formation and growth of new vortices. The angle between 
the direction of the positive shear layer and that of the cylinder centreline is 
approximately equal to 60°. 
The sequence of frames shows that the flow pattern at t=0 repeats after 100 ms. This 
corresponds to a flow periodicity 
(vortex shedding) with a frequency, fs, of 1/100 
kHz = 10 Hz; the pulsations have therefore triggered vortex shedding at the driving 
frequency in agreement with the LDA findings. 
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It is also evident by comparing Figures 4.34 and 4.31 that the pulsations "break" the 
quasi-stagnant "steady" wake that was confined to the proximity of the cylinder wall, 
increase the turbulence of the flow and decrease the formation length to the 
proximity of the rear stagnation point of the upstream cylinder. 
4.6 Conclusions 
An experimental investigation was carried out on the flow around an asymmetric 
array with circular cylinders. LDA and flow visualisation were used to study the 
velocity and vortex shedding characteristics in both steady and pulsating flow. The 
results showed that the tube bundle configuration investigated generates less 
turbulence than a staggered array (with the same longitudinal and transverse spacing) 
with circular tubes (Balabani, 1996). In the freestream the streamwise turbulence 
increases in the downstream direction from its upstream value up to 0.3U». Values 
up to 0.5UU are instead recorded in the wake of the first row. In contrast to what was 
observed in the in-line array with elliptic tubes, therefore, the interference between 
adjacent columns is not negligible. The turbulence is isotropic on the entrance of the 
bank (v'/u' = 1), but in the wakes of the downstream rows the anisotropy (1 - v'/u') 
raises above 60% with maximum values in the proximity of the downstream 
cylinders (80%), especially the third and fourth ones. This is in agreement with the 
flow in the wake regions of the staggered array that was found to be highly 
anisotropic, especially in the wake regions. A vortex shedding activity was detected, 
but it is not as well defined as in the in-line arrays with elliptic and circular cylinders 
respectively (Konstantinidis et al, 2000; Castiglia et al, 2001). The Strouhal number, 
defined by the gap velocity and the diameter of the circular cylinders, d, was found to 
be approximately equal to 0.22 in inner rows. The only significant effect of the 
pulsations on the turbulence of the flow was observed in the wake of the first 
cylinder. Lock-on of the natural vortex shedding at either the superimposed pulsation 
frequency or at half of it, depending on the relative amplitude of pulsations, was 
observed in all rows. Behind the first row, where no clear vortex shedding frequency 
could be determined (although, in contrast to what was observed in the in-line array 
with elliptic tubes, shed and convected vortices could be clearly distinguished) the 
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superimposed pulsations triggered the shedding of vortices and its frequency locked 
at the driving frequency or at half of it. 
The now visualisation study confirmed the findings of the LDA measurements and in 
particular the lack of a well-defined and unique vortex shedding frequency. 
Furthermore, it showed a weak vortex activity behind the first row, but also the 
presence of a region close to the cylinder wall, which is almost stagnant resembling 
only partially the wake characteristics of the first cylinder of the in-line array with 
elliptic tubes described in Chapter 3. In that case, the flow in the wake at the first row 
was entirely stagnant and was characterised by the absence of vortex activity. The 
chapter that follows examines the flow and vortex shedding characteristics of an in- 
line array with drop-shaped cylinders. 
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Figure 4.2. Axial mean velocity profiles, U/Uo, in the asymmetric tube bundle with 
circular tubes (Re = 12,800). 
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(steady flow, Re = 12,800). 





Figure 4.4. Radial mean velocity profiles, V/U-, in the asymmetric tube bundle with 
circular tubes (steady flow, 
Re = 12,800). 
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Figure 4.8. Axial r. m. s. velocity profiles, u'/U.  in the asymmetric tube bundle with 
circular tubes (steady flow, Re = 12,800). 
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Figure 4.9. Contours of u'/U. 0, in the asymmetric tube bundle with circular tubes 
(steady flow, Re = 12,800). 





Figure 4.10. Radial r. m. s. velocity, v'/U-, in the asymmetric tube bundle with 
circular tubes (steady flow, Re = 12,800). 
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Figure 4.11. Contours of v'/U-, in the asymmetric tube bundle with circular tubes 
(steady flow, Re = 12,800). 
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Figure 4.14. Distribution of 
IV- u' I /U. in the asymmetric tube bundle with circular 
tubes (steady flow, Re = 12,800). 
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Figure 4.15. Distribution of (v'/u')/U- in the asymmetric tube bundle with circular 
tubes (steady flow, Re = 12,800). 
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Figure 4.16. Axial r. m. s. velocity profile along the centreline in the wake of the 
cylinders (steady flow, Re = 12,800). 
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Figure 4.17. Power spectra behind each row in the asymmetric array with circular 
cylinders (steady flow, 
Re = 8,870). 
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Figure 4.18. Power spectra behind the sixth cylinder for various Re (steady flow). 
25 1 
x/SL Y/ST Sf = 0.22 
20 
" 2.5,0.139 
X3.5, -0. I39 15 f, =0.0023 Re 
It 
" 3.5, - 0.417 f(Hz) 
. 4.5.0.139 10 
5.5. -0.139 
tit=1111 
5 1, =0001-' Re 
0 2000 4000 6000 8000 10000 
Re 
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Figure 4.22. Comparison of time trace and spectrum of the upstream (x/SL 
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Figure 4.23. Velocity time traces showing the sequence of the notch-filtering 
technique adopted (fd = 10 Hz, Re = 4,900). (a): unfiltered signal; (b) filtered 
pulsating mean flow; (c) filtered r. m. s.; (d) superimposition of the filtered pulsating 
mean flow onto the unfiltered signal. 
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Figure 4.26. Amplitude spectra and time traces behind the first row in pulsating flow 
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Figure 4.29. Kurtosis and skewness profiles behind the first and second rows in 
steady flow (x, /SL = 0.5, Re = 4,900). 
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Figure 4.30. Skewness and kurtosis profiles behind at the entrance to the tube bank 
and behind the first row (x/SL = 0.5, Re = 2,700) in both steady and pulsating flow. 
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Figure 4.31 (a). Visualisation pictures of the flow in the wake of the first cylinder 
(Re = 1,100). Frames 1-8. 
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Figure 4.31 (b). Visualisation pictures of the flow in the wake of the first cylinder 
(Re = 1,100). Frames 9-16. 
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Figure 4.31 (c). Visualisation pictures of the flow in the wake of the first cylinder 
(Re = 1,100). Frames 17-24. 
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Figure 4.31 W. Visualisation pictures of the flow in the wake of the first cylinder 
(Re = 1,100). Frames 25-32. 
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Figure 4.31 (e). Visualisation pictures of the flow in the wake of the first cylinder 
(Re = 1,100). Frames 33-36. 
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Figure 4.32 (a). Visualisation pictures of the flow in the wake of the second cylinder 
(Re = 1,100). Frames 1-8. 
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Figure 4.32 (b). Visualisation pictures of the flow in the wake of the second cylinder 
(Re = 1,100). Frames 9-16. 
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Figure 4.32 (c). Visualisation pictures of the flow in the wake of the second cylinder 
(Re = 1,100). Frames 17-24. 
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(u) 
(b) 
Figure 4.33. Visualisation pictures focusing on the separation points of the steady 
flow past the first row cylinder ((a), frames 1-4) and on the anticlockwise separation 
point of the flow past the second one (b) respectively (Re = 1,100). 
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Figure 4.34 (a). Visualisation pictures of the flow behind the first row. Pulsating 
flow (Re = 1,100; fd = 10 Hz). Frames 1-8. 
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Figure 4.34 (b). Visualisation pictures of the flow behind the first row. Pulsating 
Flow (Re = 1,100; fd = 10 Hz). Frames 9-10. 
CHAPTER 5 
Velocity Characteristics of an In-Line 
Array with Drop-Shaped Cylinders 
5.1 Introduction 
The present chapter describes the experimental investigation carried out on an in-line 
array with drop-shaped cylinders in cross-flow. The water tunnel, the tube bundle 
arrangement and the LDA system employed have already been described in Chapter 
2. 
The array was composed of six tube rows in the main flow direction and thrcc 
columns. As in both the in-line and the asymmetric test section with elliptic and 
circular cylinders respectively, two of the columns comprised half drop-shapcd 
cylinders, which were fixed on the side walls to mininýiise boundary layer effects and 
simulate an infinite tube bundle. The drop-shaped cylinders were designed in such a 
way that the heat transfer area is kept the same as those of the elliptic and circular 
cylinders respectively and were manufactured from cast acrylic material. The total 
cross-sectional longitudinal, d., and transversal lengths, dy, of the cylinders were 
13.08 mm and 6.16 mm respectively. The longitudinal pitch ratio, SL/d,,, was 1.6 and 
the transverse one, ST/dy, approximately equal to 5.8. 
Measurements were taken at the plane of symmetry (z/d = 0.0) in the region - 0.5: 5 
YIST: ý5 0*5 and 0-0: 5 X/SL: 5 5.5 as for the in-line and asymmetric arrays studied in the 
previous chapters. Ensemble-averaged and time resolved measurements were taken 
in the above arrangement in both steady and pulsating flow conditions and a flow 
visualisation study was carried out for Reynolds number ranging from 842 to 6,300 
and driving frequencies ranging from 0 Hz (steady flow) to 17 Hz'. 
For economy of presentation, only selected results are shown. 
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To the knowledge of the author no such extensive investigation has been carried out 
on either arrays with drop-shaped cylinders or single drop-shaped cylinders. This 
novel shape of the cylinders was selected with fouling minimisation in mind. 
5.2 Steady flow conditions 
5.2.1 Mean velocity distributions (Re = 6,300) 
Detailed ensemble-averaged measurements of the axial and radial mean velocities 
were taken at Re = 6,300. The velocity upstream of the bundle, U., was equal to 0.85 
m/s. The Reynolds number was defined by the transversal length, dy, of the cylinders, 
and the maximum velocity at the gap between adjacent tubes in a row, Us, which is 
equal to 1.20U. (1.025 m/s) for the arrangement investigated. The equivalent 
Reynolds number, defined by the upstream velocity and the hydraulic diameter of the 
duct upstream of the bundle was 61,200. The flow regime at this Re is subcritical. 
In order to study the effect of the Reynolds number on the velocity characteristics of 
the array, velocity measurements were also taken at Re = 1,660 behind each row and 
velocity spectra were estimated in selected locations in the range 1,188 < Re < 6,300. 
The mean velocity vectors are shown in Figure 5.1. It should be mentioned that due 
to optical access restrictions, the axial mean and r. m. s. velocity components, U and 
u' respectively, were measured at only two transverse planes behind each row and 
halfway between adjacent rows (Xc/SL = 0.5). Accordingly, the vector plots show the 
velocity vectors in those locations where both the mean (U, u) and radial (V, v') 
velocities were measured. 
The vector plot features are very similar to those of the in-line array with elliptic 
tubes (Figure 3.1). Due to the relatively large transverse spacing between adjacent 
columns, the flow field is characterised, as in the elliptic array, by areas of high and 
relatively uniform velocities at the flow passages between tube columns. Low 
velocities are observed only in the wake regions. The only significant difference 
between the vector plots of the two arrays is that in the present one flow reversal is 
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observed not only behind the first row (the vectors in the wake of the first cylinder 
are not clearly visible due to both their low magnitude and the scale adopted for the 
plot2), but also behind the downstream ones. 
Axial mean velocity 
The axial mean velocity, U/U., profiles measured across the array arc shown in 
Figure 5.2. It should be noted that positive axial mean velocities indicate velocities in 
the downward direction and that each profile refers to measurements taken along the 
y-direction on the x-plane indicated by the dotted lines. The velocity profiles along 
the flow passages between columns are approximately uniform. The velocity 
magnitude slightly decreases towards the centreline (this decrease is less apparent in 
the proximity of the upper part of the cylinders than in the proximity of the circular 
rear one 3) .A steep velocity gradient can 
be observed across the shear layer separating 
from the first cylinder. The velocity gradient becomes progressively less steep in the 
downstream direction and the recirculation becomes less pronounced than that 
observed behind the first row cylinder. As was observed in the elliptic array, the 
velocities in the flow passages have approximately the same magnitude as that of the 
upstream velocity (measured at X/SL -ý -1.0, X/ST ` 0-0)9 U- This indicates very little 
interference from the neighbouring tubes in the transverse direction (the flow is, 
therefore, similar to that over a single column of drop-shaped cylinders). Flow 
reversal is evident only behind the first three rows as shown by the profiles at X/SL : -- 
0.29 and X/SL : -- 0.34 behind the first row, those at X/SL'.: 1.27 and X/SL -ý 1.33 and 
those at X/SL = 2.28 and X/SL = 2.35 behind the second and third rows respectively. It 
should be noted that the velocity profile in the wake of the first row (which, at X/SL = 
0.29, extends from about YIST = 0' 11 to about YIST = -0.11 and defines the lowest 
negative velocity region of the measuring station) is quite uniform compared to that 
in the elliptic array. On the contrary, in the wake of the downstream cylinders (see 
2 The flow reversal behind the first row is clearly shown in Figure 5.2 described later on. 3A comparison with Figure 3.2 shows also that the profiles in the elliptic array (elliptic array stands 
here for in-line array with elliptic cylinders), Particularly in downstream rows. slightly increase 
towards the cylinders' shoulders with a gradient that is less stecp than in the drop-shaped one (drop- 
shaped array stands for in-line array with drop-shaped cylinders). It should be noted, in fact. that the 
profiles in the drop-shaped array, particularly Over the shoulders of the first four rows are uniform up 
to about YJST : -- 0.2 where an abrupt decrease occurs. 
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particularly behind the third, fourth and fifth rows) the negative velocity peak, 
occurring at X/SVý 0-0. is significantly narTower than that in the elliptic array. 
Figures 5.3 and 5.4 4 show the comparison of the axial mean velocities between the 
in-line array with drop-shaped cylinders and that with elliptic ones described in 
Chapter 35 (see also Castiglia et al, 2001). The Reynolds numbers were Re = 6,300 
and Re = 6,760 for the present array and the one with elliptic cylinders respectively. 
it should be noted that for brevity the comparison is made only with the elliptic array. 
An indirect comparison with the in-line one with circular cylinders (Balabani, 1996) 
can be made by considering the comparison between the latter and the in-line array 
with elliptic cylinders described in Chapter 3. 
The contours in Figures 5.3 (a)-(b) show that the velocity magnitude varies within the 
same range for the two arrays, that is UIU. > -0.25. The velocities are uniform along 
the now passage with values varying between 1.25 and 1.50 times the upstream 
velocity, U.. The flow accelerates as it approaches the first cylinder as evidenced by 
the high velocities (1-5 - 1.75 U. ) in that region in both arrays. This high velocity 
region extends to the proximity of the tip of the second cylinder in the drop-shapcd 
array whereas in the elliptic one it ends over the shoulder of the first cylinder. The 
most significant difference between the two arrays is that the shear layer separating 
from the first cylinder as well as the low velocity regions behind the cylinders of the 
drop-shaped array do not extend or spread into the freestrcam, as much as in the 
elliptic array. The flow separating from the first elliptic cylinder (red contours) was 
found to reattach onto the second one. On the contrary, no such reattachment could 
be observed in the in-line array with drop-shaped cylinders. Due to the different 
shape of the cylinders and the actual spacing between successive cylinders, the wake 
geometry exhibits different geometrical characteristics: it is longer and narrower 
behind the drop-shaped cylinders (as indicated by the green contours, corresponding 
to the low speed regions). Its width normalised with the transverse spacing, W/ST q 
increases in the downstream direction with values up to about 0.24 and 0.36 behind 
the last drop-shaped and elliptic cylinders respectively. 
4 Figure 5.3 (b) was already shown as Figure 3.2 (b) in Chapter 3. but it is shown here again to 
facilitate the comparison. 
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Figure 5.4 shows a comparison of the axial mean velocity profiles, U/U., bctwccn 
the two arrays at one axial station behind each of the first four cylindcrs6. The 
profiles were plotted against y/d*, where d* corresponds cithcr to the minor axis of 
the elliptic (2b = 6.5 mm) or the transversal length of drop-shapcd (dy = 6.16 mm) 
cylinders respectively. The normalised profiles look very similar, particularly behind 
the downstream cylinders. A slightly higher recirculation is observed bchind the 
drop-shaped cylinders with the exception of the first one. The recirculation is higher 
behind the first elliptic cylinder whose corresponding profile exhibits a steeper mean 
velocity gradient across the shear layer. 
Radial mean velocity 
The distribution of the radial mean velocities, V/U.., is shown in Figure 5.5 as 
profiles and in Figure 5.6 (a) as contours. Contours of V/U.. in the in-line array with 
elliptic cylinders (Figure 3.5 (b)) are also shown in Figure 5.6 (b) for comparison. 
Positive values in Figure 5.5 represent velocities in the positive y-direction. As was 
also observed in the in-line array with elliptic cylinders, the first two profiles (X/SL'2 
0.0 and X/SL "ý 0.11) of the figure show a significant variation of the radial mean 
velocity magnitude along the transverse direction from the flow passages, (V/U. c--- 
o. o) up to the proximity of the cylinder (V/U. =- - 0.2U. )7. The V[U.. profiles become 
more uniform along the flow passages in the downstream direction. The radial mean 
velocity has slight positive values (outward velocities) in the proximity of the upper 
parabolic edge of all cylinders. Small negative values (inward velocities) are recordcd 
as the flow approaches the rear circular part of the first four cylinders and positive 
ones near the rear part of the last two cylinders. The radial mean velocity profiles 
behind the first row exhibit a negative relative maximum at X/SL = 0.1 and a positive 
one at X/SL ý 0.125. These maxima increase in magnitude and occur closer to the 
centreline behind the second row. The only positive maximum is observed in 
Note that the two in-line arrays have the same longitudinal and transverse spacings. 
6 it should be noted that the two stations are not exactly the same as different measuring planes were 
chosen for the two arrays. 
7 The description of the radial mean velocity profiles refers only to the positive y-direction as the 
profiles are clearly anti-symmetrical. The same description can be extended to the negative y-direction 
if the sign of the velocities is changed (± -0 T ). 
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downstream rows. It increases significantly in magnitude and broadcns along the 
transverse direction in the downstream direction. 
Figure 5.6 (b) show the comparison of the radial r. m. s velocity contours between the 
in-line array with drop-shaped cylinders and those with elliptic ones studied in 
Chapter 3. It should be noted that at the entrance to the tube bank the mean radial 
velocities have similar magnitudes in both arrays for YIST > 0.38 (values vary 
between 0 and -0.25U. ). The transverse mean velocities have near zero values along 
the flow passages and low negative values over the shoulders of the upstream 
cylinders. For YIST < 0.38 the radial mean velocities are slightly lower (0 < WU.. <- 
0.25) in the array with drop-shaped cylinders. This is generally reversed through the 
remaining domain where slightly higher (and positive) values are observed. 
The radial velocity distribution appears slightly more uniform than in the 
configuration with circular cylinders studied by Balabani (1996). In both cases low 
positive velocities were recorded on the shoulder of the penultimatc row cylinder, but 
in the arrangement with circular cylinders low positive values were also observed 
over the shoulder of the last row cylinder. 
5.2.2 Turbulence level distributions (Re = 6,300) 
The turbulence levels are described by comparing them with those observed in the in- 
line array with elliptic cylinders. The aim is to determine the effect of the cylinder 
shape on both the axial, u'/U., and the radial, v'/U-, velocities. The axial r. m. s 
velocities are plotted as profiles and contours forin in Figures 5.7 and 5.8 and 5.9 (a) 
respectively. The radial ones are shown in contour fonn in Figure 5.9 (b). 
Figure 5.7 shows a comparison of the UVU- profile along the flow PaSSageS (YIST"ý 
0.5) between the in-line array with elliptic cylinders and that with drop-shaped ones. 
For comparison the same figure shows the r. m. s profile in the in-line array with 
circular cylinders studied by Balabani (1996). 
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The upstream axial r. m. s. velocity magnitude is subtracted from the measured r. m. s. 
velocities and their difference is normalised with the upstream bulk velocity, U... 
This results in the turbulence levels at the entrance to the tube bank having the same 
values in the two arrays. The difference between the r. m. s. levels in the elliptic and 
drop-shaped arrays is very small at the entrance to the tube bank and decreases 
further downstream (the turbulence levels are slightly higher in the drop-shapcd 
array). It can be seen that the turbulence levels of both arrays arc significantly lower 
than those in the array with circular cylinders from the second row onwards. The 
turbulence levels increase sharply in the array with circular cylinders whereas in the 
other two arrays they remain approximately uniform from the entrance to the tube 
bank up to the exit. 
Figure 5.8 shows the r. m. s profiles of the two arrays (with elliptic and drop-shapcd 
cylinders) behind the first four rows. The comparison is made between the profile at 
Xc/SL -'ý 0.5 behind the elliptic cylinders and those at XC/SL -': 
0.293 and XC/SL "10.343 
behind the drop-shaped ones. Differences can be observed only in the cylinder wakcs. 
Behind the first row (Figure 5.8 (a)) no difference can be noted between the profiles 
for YISL :: " 1.0. A steep gradient is observed between y/d* =I and yld* = 0.75. 
Although the r. m. s peaks are observed at approximately the same position along the y 
axis, that is at y/d* = 0.61, the magnitude of the peak behind the elliptic cylinder is 
about 40% and 75% higher than those observed behind the drop-shapcd one at xdSL 
= 0.293 and Xc/SL = 0.343 respectively. Behind the second row cylinder the 
magnitude of the peak behind the elliptic cylinder is lower then that observed in the 
two profiles behind the drop-shaped cylinder, despite the fact that both the axial 
turbulence levels in the freestream and the r. m. s. velocity gradients along the shear 
layers are approximately the same for the three profiles examined. In downstream 
rows slightly higher r. m. s. values are observed along the flow passages (this is not 
clear from the figure due to the large y-mnge adopted; see also Figure 5.7. plottcd in 
a larger scale for clarity) of the array with drop-shapcd cylinders. Furthermore, 
although the position of the r. m. s. peaks shifts towards the centreline in both arrays, 
the shift is more evident behind the one with drop-shaped cylinders. In fact, a 
comparison between Figure 5.8 (a) and (d) shows that the peak has shifted from y/d* 
= 0.61 to y/d* = 0.32 and y/d* = 0.16 along the profiles at Xc/SL = 0.343 and Xc/SL 
0.293 respectively. 
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Figures 5.9 (a) and (b) show the axial and radial r. m. s. velocities in contour form in 
the in-line array with drop-shaped cylinders. At the entrance to the tube bank both the 
r. m. s. velocity components have values between 0 and O. M. Slightly higher values, 
up to 0.2U., were recorded for both components along the shear layer separating 
from the first cylinder. However, differences can be observed in the wakes and along 
the shoulders of the cylinders, where higher values of the axial r. m. s. velocity 
component were recorded. The axial r. m. s velocity in the wakes increases in the 
downstream direction reaching values up to 0.4U. behind the fifth and sixth rows. 
These regions, characterised by higher values of u', spread further inside the 
freestrearn in the downstream direction (e. g. UP to YIST ': 0.2 behind the sixth row). 
On the contrary, radial velocities higher than 0.2U. and 0.3U. can be observed only 
behind the fourth cylinder and further downstream. 
Degree of isotropy 
The distributions of the difference, Jv'- u'VU.., and ratio, V'/U', of the r. m. s. 
velocities, are plotted in Figures 5.10 (a) and (b). The difference of the two r. m. s. 
components (Figure 5.10 (a)) is near zero over the whole flow domain, indicating 
that the turbulence could be assumed highly isotropic, with the exception of the 
shoulders of the third cylinder and in the proximity of the separation points of the 
fifth and sixth rows where the difference reaches values in the range OAU'. < jv'. u'l 
< 0.2U... The distribution of the ratio of the radial and axial r. m. s. v'/u' is shown in 
Figure 5.10 (b). It can be observed that at the entrance (x/SL) to the tube bank, for 
YIST > 0.20, the ratio attains values between 0.8 and 1. i. e. the flow can be assumed 
isotropic. In general the axial r. m. s. component throughout the flow field is higher 
than the radial one, particularly over the shoulder of the drop-shapcd halves of the 
cylinders. The opposite trend is observed in the wakes of the cylinders, especially 
along the shear layer separating from the first one and in the wake of the last two. In 
these regions the magnitude of V is up to 1.4 times higher than the axial r. m. s. 
velocity component. 
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5.2.3 Flow periodicity 
Spectra were obtained behind each cylinder for Re ranging from 1.188 to 4,753 in 
steady flow. For brevity only the spectra obtained behind the fourth and sixth 
cylinders are shown (Figures 5.11 and 5.12 respectively). 
It should be noted that, as in both the in-line and the asymmetric array with c1liptic 
and circular cylinders respectively, no distinct periodicity could be detected behind 
the first two rows of the bundle. On the contrary, a prominent peak associated with 
the shedding of vortices could be observed behind all downstream rows. 
Figures 5.11 and 5.12 show that all the spectra obtained behind the fourth and sixth 
rows (in the Reynolds number range investigated) exhibit a distinct peak at the 
natural vortex shedding frequency8. Its amplitude depends on both the Reynolds 
number and the row depth. For clarity, the variation of the vortex shedding peak 
amplitude versus Re in the wakes of the fourth and sixth cylinders is shown in Figure 
5.13. Figure 5.11 shows the amplitude spectra behind the fourth row. In general there 
is an increase of the peak amplitude with Re, but this is not consistent throughout the 
whole Re range investigated. In fact, although the variation of the peak amplitude is 
not significant (as if a saturation phenomenon occurred) for Re ý. - 3,565 the amplitude 
at Re = 3,565 is slightly higher than those at Re = 4,040 and Re = 4,753. 
Furthermore, the natural vortex shedding frequency clearly shifts towards higher 
values with Re. A comparison of the spectra in Figure 5.11 with those in Figure 5.12 
(see also Figure 5.13) shows that up to Re = 1,664 (low Re) no significant difference 
in the peak amplitude can be found between the fourth and the sixth rows. This 
implies that the row depth affects the shedding frequency peak amplitude only at 
moderate Re. At Re = 2,614 the difference in amplitude becomes already substantial 
(A = 0.0125 m/s and A=0.0265 m/s behind the fourth and sixth row respectively). 
At Re = 3,090 an abrupt increase of the peak amplitude behind the sixth row (up to A 
= 0.047 m/s at Re = 4,753) occurs. However, 
for Re ý: 3,090 the amplitude does not 
vary substantially with Re. As already observed behind the fourth row it saturates at 
values ranging between A=0.042 m/s and A=0.047 m/s. It should be noted that the 
8 The scale of the spectra was chosen in order to magnify the frequency peaks. Due to their relative 
low amplitude the backround turbulence levels are also high. 
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ratio of the vortex shedding peak amplitude behind the two rows varics bctwccn I at 
Re = 1,188 and 2.14 at Re = 4,753. This confirms that amplitude diffcrcnccs bctwccn 
the two rows occur only at higher Re. However, the variation of the vortcx shcdding 
frequency with the Reynolds number is the same (within the cxpcrimental crror) 
behind the two rows. 
It should be noted that an increase of the number and amplitude of secondary peaks 
can be observed (e. g. compare the spectrum at Re = 4,753 with that at Re = 3,090 in 
Figure 5.12) particularly behind the last row, as a result of the increase of Re 
Figure 5.14 shows the natural vortex shedding frequency detected behind each row as 
a function of the nonnalised gap velocity, UWdy. It is clear that the shedding 
frequency of the vortices varies linearly with the gap velocity behind all rows but the 
first two, where prominent peaks could not be detected as in the case of the in-line 
array with elliptic cylinders. The equation of a linear fit (black line in Figure 5.14) to 
the data is the following: 
fs = -0.24 + 0.16 U1dy (5.1) 
The Strouhal number, defined by the transversal lenght of the drop-shaped cylinders, 
dy, and the gap velocity, U5, is given by the slope of the equation, that is St = 0.16. 
Table 5.1 compares the St number values measured in the drop-shaped, elliptic and 
circular cylinders (Konstantinidis et al, 2000) arrays. Both St based on the gap, Us, 
and bulk velocity, U., are considered. 
It should be noted that the Strouhal number is similar (slightly higher) or equal to that 
for the array with circular cylinders depending on the characteristic velocity adopted 
(U. or U., and equal to either St = 0.16 or St = 0.19). The Strouhal number value 
observed in the present array is instead higher than that of an equivalent array with 
elliptic cylinders. This may be attributed to the circular profile of the drop-shaped 
cylinders after the separation point, which therefore seems to play a key role in the 
vortex shedding phenomenon. 
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Table 5.1. Strouhal number definitions and relative values for Re ranging bctwecn 
Re = 1,188 and 4,753 in the in-line array with drop-shapcd cylinders 
IN-LJNE ARRAY WITH IN-LINE ARRAY WITH IN-LINEARRAYWMI 
DROP-SHAPED CYLINDERS ELLIPTIC CYLINDERS CIRCULAR CYLINDERS 
St St St 
Definition (1,188 < Re < 4.753) (Re = 6,760 and Re = 1,755) (Re" = 2,800) 
(present investigation) (present investigation) (Konstantinidis ct a], 2000) 
St = us 0.16 0.11 0.14 
L.. h 
St U- 0.19 0.14 0.19 
*h= clý for the drop-shapcd cylinders, h= 2b and h=d for the elliptic and the circular ones respectively. 
Figures 5.15-5.17 show a comparison between radial and axial velocity spectra 
behind the first, third and sixth rows respectively. 
Figure 5.15 shows the radial and axial amplitude spectra obtained behind the first 
row. It is clear that a dominant peak referring to the shedding of vortices cannot be 
identified. The only noticeable difference between the radial and axial velocity 
spectra is the generally higher axial turbulence level. 
Both the radial and axial velocity spectra behind the third and sixth rows (Figurcs 
5.16-5.17) exhibit a dominant peak of significant amplitude at the frequency 
corresponding to that of the vortex shedding. It should be noted that the shedding 
frequencies have similar values for the two velocity components since the radial and 
axial spectra were obtained at approximately the same Reynolds number. Although 
there is an effect of Re on the peak amplitude, the Re difference in the estimated 
axial and radial spectra is so small that this effect can be neglected. As a 
consequence, the higher amplitude of the axial peaks obscrved in the downstrcam 
rows can only be attributed to the fact that the convection axial velocity componcnt 
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of the shed vortices is significantly higher than the radial one (see paragraph 5.5). It 
should be noted that both the radial and axial peaks decrease as the measuring 
location moves from the shear layer region (YIST -"ý 0-19) to the frcestrcarn (YIST 0 
0.36). Only the axial amplitude peak can still be observed at the latter location behind 
the third row, as shown in Figure 5.16. Finally, it can clearly be noticed (Figure 5.17) 
that the peak amplitude of both the radial and axial spectra behind the last row has 
considerably increased compared to that behind the third one. However, the 
difference between the radial and axial peaks is the same as that observed behind 
upstream rows. In general, in all the radial velocity spectra the background turbulence 
level is lower and the amplitude of the secondary peaks is negligible compared to that 
of the axial ones. 
5.3 Pulsating flow conditions 
The frequency of the superimposed sinusoidal pulsation varied between 7 Hz and 14 
Rz. The relative amplitude of the pulsation, A., and the Reynolds number, Re, varied 
between 0.04 and 0.31 and between 1,443 and 5,237 respectively. Detailed 
measurements were taken at fd = 10 Hz and Re = 1,901, and the corresponding axial 
mean and r. m. s. velocity distributions are discussed below. 
5.3.1 Mean velocity 
Figure 5.18 shows a comparison between the axial mean velocity profiles in steady 
and pulsating flow (fd = 10 Hz, A. = 0.16) at Re = 1,900. Figure 5.18 (a) shows that 
there is no difference in the magnitude of the axial mean velocities between steady 
and pulsating flow at the entrance to the tube bank. This observation, together with 
the fact that along the flow passages no difference can be observed between the two 
flows, indicates that the pulsations affect the mean flow only in the wake regions 
behind the cylinders and mainly behind the first one (see Figure 5.18 (a)). The most 
significant differences can be found behind the first cylinder, as was also observed in 
the in-line array with elliptic cylinders and that with circular ones. Higher 
recirculation is observed in pulsating flow. The profiles are similar for YIST > 0.17 
(the velocity magnitudes are almost identical). At YIST 25 0.17 the velocity magnitude 
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of the pulsating profile starts decreasing, quite smoothly, in the negative y-direction, 
up to the centreline, where the mean velocity magnitude reaches its minimum (U/U.. 
0.3). The steady flow profile grows slightly as we move from the flow passage to 
the ccntreline up to Y/ST 21 0.13 (U/1J. -= 1.7) and decreases afterwards with a stccp 
gradient up to about YIST =- 0.85 (UAJ.. = 0.22). As was already observed in the in- 
line array with elliptic cylinders, in downstream rows the mean velocity magnitude in 
steady flow decreases in the transverse direction as the wake is approached. It varies 
from the freestream value up to - 0.2U. at the centreline (YIST t-: 5 0-0)- 
5.3.2 Turbulence level distributions 
Figure 5.19 shows the comparison of the turbulence levels between steady and 
pulsating flow (the r. m. s values correspond to the velocity records from which the 
mean velocity profiles, shown in Figure 5.18, were calculated). The profiles show 
similar characteristics to those observed behind the elliptic cylinders. Figure 5.19 (a) 
shows the comparison of the axial r. m. s. velocities at the entrance to the tube bank 
(X/SL'ý 0.0). As already stated, the difference between the turbulence levels in the 
frCeStrearn (YIST ": 0.5) is equal to that observed at the reference point (x/SL ý -2.1, 
Y/ST'ý 0.0) upstream of the bundle, which can be attributed, as demonstrated in 
Chapter 4, to the pseudo-turbulence introduced by the pulsations. Nevertheless, in the 
proximity of the cylinder the pulsations seem to promote or generate more 
turbulence. In fact, while the steady profile is uniform along the transverse direction 
up to the closest measuring point to the cylinder wall, that is YIST 'ý 0-11# the 
pulsating one is approximately uniform UP to YIST: -- 0.27, and then increases in the 
negative y-direction up to 277% of the steady r. m. s value at X/SL = 0.11 (compared to 
the 170% difference between pulsating and steady turbulence levels in the 
freestream, which are due to pseudo-turbulence). As for the mean velocity, the region 
of the flow most affected by the pulsations is the wake of the first cylinder. The 
difference in the turbulence levels between the two flows is apparently higher than 
the one upstream of the bundle and, therefore, it can only partly be attributed to the 
pseudo turbulence. In fact about 80% of the observed (Figure 5.19 (b)) increase of 
the normalised r. m. s. velocity is caused by the production of turbulence by the 
pulsations which modify the structure of the wake flow. Downstream of the first row, 
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this turbulence increase can be still observed in the wakes of the cylinders, but its 
magnitude is significantly reduced. Here the normalised r. m. s magnitude reaches a 
maximum of approximately 0.7U. at YISTý 0.08, value to be compared with the peak 
magnitude behind the first cylinder, about 0.9U., recorded at the same transverse 
position. In downstream rows no significant differences can be observed between the 
steady and pulsating profiles. This is due to the fact that while the r. m. s. magnitudes 
in pulsating flow decrease, from 0.9U.. behind the first row to values varying 
between 0.7U. (second row) and O. M., the r. m. s. magnitudes in steady flow 
increase, slightly, from a value of 0.25U. behind the first row to values varying 
between 0.34U. (second row) and 0.3U. in downstream rows. 
Mizushina et al (1974) carried out an experimental investigation to study the 
structure of turbulence in pulsating flow. Their results showed that turbulence is 
generated during the "break-up" of low-speed/stagnant regions near the wall. 
Although the experiments were conducted in a fully developed pipe flow, the author 
of the present investigation believes that their results can be extended to the cross- 
now past a single cylinder or arrays with multiple cylinders, and in particular to the 
low-speed/stagnant region of the cylinder wakes. The generation of turbulence occurs 
when superimposed pulsations break up the steady flow low-speed/stagnant region in 
the proximity of the cylinder rear wall while its propagation is considered to be 
associated with the large-scale vortices. It should be noted that the spatial extension 
of these low-speed regions depends on both the cylinder shape and arrangement and 
on the Reynolds number which affects the turbulence levels. 
As previously mentioned, the region of the flow most affected by the pulsations is the 
wake of the first cylinder. Both the LDA and the visualisation study (see paragraph 
5.5), in fact, showed that the wake behind the first row cylinder is quasi-stagnant in 
all the arrays so far investigated. Therefore, the generation of turbulence is more 
pronounced behind the first row than behind the downstream ones (the steady flow 
turbulence levels increase in the downstream direction) where the low-speed region 
is generally confined to the proximity of the cylinder rear wall. It should be noted that 
the effect of the pulsations decreases with Re. The steady flow turbulence levels 
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increase with the Reynolds number and correspondingly the low spccd-rcgion gets 
smaller and closer to the cylinder wall. 
Vortex formation length 
Due to optical restrictions the vortex formation length could be evaluated only 
behind the last cylinder. Figures 5.20 and 5.21 show the normalised r. m. s. (u/u ... .. ) 
and mean (U/Uý,..,? velocity profiles along the ccntrcline for Re = 4,753 in steady 
flow and for Re = 1,901 in both steady and pulsating flow. 
From Figure 5.20 it can be seen that only the r. m. s. velocity profile at Re = 1,901 in 
steady flow shows a relative peak. This is observed at approximately x, = 0.76 X d,, 
downstream of the centre of the cylinder and defines the corresponding vortcx 
formation length, as already discussed in both Chapter 3 and Chaptcr 4. It is 
interesting to note that both at the higher Reynolds number, that is Re = 4,753, in 
steady flow, and at the same Reynolds number, that is Re = 1,901, in pulsating flow, 
no r-m-s- peak, and therefore no vortex fonnation length, could be determined, at 
least in the locations where measurements could be taken, due to the optical access 
limitations of the IDA technique. Therefore, it might be assumed that a relative peak 
in the r. m. s. profiles could exist closer to the rear stagnation point of the cylinder. 
The comparison between the profile at Re = 4,753 in steady flow with that at Re = 
1,901 in pulsating flow, confirms similarities between the pulsating low-Re flow 
(green symbols) characteristics and the steady high-Re ones (blue symbols). 
Increasing the Reynolds number has, therefore, the same effect on the vortcx 
formation length as pulsating the flow: in both cases the vortex formation length 
decreases significantly. It should be noted that the r. m. s velocity in both the high-Re 
profile and the pulsating one decreases sharply in the downstream direction in 
contrast to what can be observed in the low-Re profile (brown symbols), where the 
decrease of the r. m. s. velocity is relatively smaller. 
9 The r. m. s. and mean velocities are normalised with the peak r. m. s. and mean velocity respectively 
and the distance & is measured 
from the cylinder axis and is normalised with the longitudinal length. 
dxt of the cylinder. See also note at page 77 (Chapter 3). 
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Figure 5.21 compares the corresponding normalised axial mean velocity profilcs (at 
the same flow conditions as for Figure 5.20). Again there is no significant difference 
between the mean velocity profile for steady flow and Re = 4,753, and pulsating flow 
at Re = 1,901. The high and low Reynolds number profiles in steady and pulsating 
flow respectively are very similar. In both profiles the mean velocity increases until it 
reaches a rather uniform value at approximately x,, = 1.37 x d., downstream of the 
centre of the upstream cylinder. The low Re profile in steady flow shows a steeper 
velocity gradient and is characterised by a significant lower velocity in the proximity 
of the cylinder than the corresponding profile at high Re. Nevertheless, the 
normalised velocity reaches the same unifonn value of I at xdd,, 1.45. It is 
expected that downstream of the axial co-ordinate of this asymptotic value the mean 
velocity is not affected by either the Reynolds number or the flow pulsations. Finally 
it should be noted that, as expected, the mean zero crossing at low steady Reynolds 
number is observed at approximately the same axial co-ordinate as the corrcsponding 
r. m. s. peak (Figure 5.20). 
5.3.3 Vortex shedding characteristics and lock-on 
Velocity spectra in pulsating flow were estimated upstream of the tube bundle (X/SL2 
-1.0, YIST 0.0) and at one axial 
location behind each cylinder (xJSL --2 0.29). The 
Reynolds number and the driving frequency, fd, were varied between Re = 1,443 and 
Re = 5,237, and between 7 Hz and 17 Hz respectively. Although measurements were 
taken upstream of the tube bundle and behind all rows, only selected spectra and 
time-traces obtained behind the first, third and sixth rows are shown (for brevity). 
Figure, 5.22 shows axial velocity amplitude spectra and selected timc-traccs recorded 
at a given location WSL ` 0.29, YIST : -' 0.11) behind the first row for various 
Reynolds numbers in pulsating flow (fd = 10 Hz). It should be noted that the rcduccd 
amplitude e= AU/(2nfddy) of the upstream pulsations varied between E=0.09 at Re = 
5,237 and c=0.32 at Re = 1,443. The spectra obtained for Re varying between 1,823 
and 5,237 show a dominant peak at the driving frequency (10 Hz). The diffcrcnce 
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between the amplitude of the peaks observed upstream of the tube bundle" (not 
shown) and those in the wake of the first row is negligible in the same Reynolds 
number range (4,100 < Re < 5,237). It becomes progressively more significant at 
lower Reynolds numbers, in which the reduced amplitude of the pulsation is higher. 
This means that at the high Re there is no increase of the peak amplitude from the 
value recorded upstream of the bundle to the one behind the first row. It is possible 
that at the high Re, and consequently at the lower reduced amplitude, C, the 
pulsations introduced into the flow do not promote periodical vortex shedding in the 
wake of the first row. 
However, at the lower Re, the increase of the peak amplitude is substantial. It should 
be noted that the time trace at Re = 2,959 (shown next to the corresponding 
spectrum) clearly indicates that the sinusoidal wavefonn of the mean velocity 
pulsations has a dominant fundamental frequency of 10 Hz. This suggests that at 
higher values of the reduced amplitude, c, the pulsations promote periodical vortex 
shedding, whose frequency locks on the pulsation frequency, that is 10 Hz. 
In the spectrum obtained at Re = 1,823 secondary peaks appear around the 5 Hz 
frequency, that is half the pulsation frequency, in contrast to what was observed in 
the corresponding one upstmarn of the bundle. Finally at Re = 1,443 two peaks can 
clearly be distinguished, one at the driving frequency and the other at half of it. It 
should be noted that the latter was not present in the corresponding upstream 
spectrum. This, in conjunction with the characteristics of the corresponding time 
trace (shown next to the spectrum) obtained from the same velocity record, implies 
that vortex shedding is promoted at half the pulsation frequency. Although the 
amplitude of the peak at 10 Hz is higher than that at 5 Hz the corresponding time 
trace shows clearly that the shedding of vortices occurs at half the pulsation 
frequency". It shows the superimposition of 5 (corresponding to the 5 Hz peak) 
shedding cycles of large amplitude onto 10 cycles of significantly lower amplitude. 
lFurthermore, it can be observed that the driving frequency is well dcrined (it only 
depends on the pre-selected motor angular speed) and the corresponding peak is 
10 These spectra presented the only peak at the superimposed driving frequency. that is 10 IIz. It 
should be noted that the peak amplitude, A. and reduced amplitude, E, decreased with the Reynolds 
number. 
II See the time trace at Re = 1,443 shown next to the corresponding spectrum. 
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narrow. On the contrary, the vortex shedding peak is broad as a conscqucncc of 
cyclc-to-cycle variations. 
These findings suggest that two different modes of lock-on can be identificd 
depending on the Reynolds number and the relative amplitude of the upsircam 
pulsations. For Re ranging between 1,823 and 2,959 (0.83 < fd/fto < 1.37) the 
shedding frequency locks on the pulsation frequency (first mode) and for Re lower 
than 1,823 it locks on half the pulsation frequency (second mode). A transition 
between the two modes occurs at Re = 1,823. 
Figure 5.23 shows axial velocity amplitude spectra and selected time-traccs obtained 
behind the third row (X/SL = 2.29, YIST = 0-11) for various Reynolds numbers in 
pulsating flow conditions (10 Hz). The first spectrum obtained at Re = 5,237 clearly 
shows two peaks, one at the pulsation frequency, that is 10 Hz, and the second at 
approximately 22 Hz- The latter is related to the natural vortex shedding frequency. 
The same frequency value is predicted using the expression (5.1) describing the 
linear variation of the vortex shedding frequency with Reynolds number 12 in steady 
now. In the following spectra a shift of this amplitude peak- towards lower 
frequencies can be observed as a result of the decreasing Reynolds number. 
Furthermore, the amplitude of the vortex shedding peak decreases with Re while that 
of the driving frequency increases. In the Reynolds number range 2,579 to 3,339 
only the peak at 10 Hz can be observed; its amplitude remains approximately 
constant. It is difficult to ascertain whether the vortex shedding peak, whose 
amplitude decreases with Re, is submerged in background turbulence, or has locked 
on the driving frequency, although the abrupt and significant increase of the peak at 
10 Hz suggests that lock on might have occurred. However, in the spectrum obtained 
at the lower Re (Re = 1,823) two peaks can again be distinguished, one at the driving 
frequency, 10 Hz, and the other at about 5 Hz. Although this peak is related to the 
shedding vortex frequency, it does not correspond to the natural vortex shedding, f.,, 
whose value (from expression (5-1)) is expected to be approximately equal to 7.4 Hz. 
instead it seems that the shedding frequency has locked at half the pulsation 
frequency, i. e. 5 Hz. This is also confirmed by the spectrum obtained at Re = 1,443, 
12 The time trace at Re = 5,237 (Figure 5.22) shows that both the superimposed and vortex shedding- 
related pulsations are hidden by the high turbulence levels. 
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which clearly shows the presence of two peaks, one at fd = 9.4 Hz 13 and the other at 
half the pulsation frequency, that is 4.7 Hz. 
It may be concluded that behind the third row, as behind the first one, two diffcrcnt 
modes of lock-on can be identified. The first mode occurs at intermediate Re (1,823 
< Re < 2,959) and the second one at low Re (Rc: 5 1,823). 
Figure 5.24 shows axial velocity amplitude spectra and selected timc-traces recorded 
at a given location (XISL _*2 5.29, YIST ý 0.11) behind the sixth row. The Re was kept 
constant and equal to 2,200 while the driving frequency was varied between 7 Ift and 
17 Hz. Note that at Re = 2,200 a natural vortex shedding frequency of approximately 
9 Hz is expected according to equation (5-1). The first spectrum of the sequence 
shows two main peaks, one at 17 Hz (2e'4 = 0.11) and the other at 8.5 Hz. At fd = 17 
Hz, therefore, we have fd/f.,. _= 2. It should 
be noted that upstream of the bundle (x/SL 
= 5.28, YIST = 0.0), the amplitude of the pulsation peak (the corresponding spectrum 
is not shown for brevity), at 17 Hz, is dominant over the subharmonic at 8.5 Hz that 
has a comparatively negligible amplitude, while downstream of the sixth row, the 
dominant peak is the one at half the driving frequency (at 8.5 Hz). This suggests that 
the 8.5 Hz peak behind the sixth row is not a subharmonic but the peak of the 
shedding frequency that has locked on half the driving one. At fd = 15.2 Hz (2E = 
0.12) again one peak is detectable at the driving frequency and a second one of higher 
amplitude at f, = 7.6 Hz. For lower values of the driving frequency lock-on was not 
observed, despite of the increased reduced amplitude of the upstream pulsation, E. 
This might suggest that for 2c: 5 0.12 lock-on occurs only for fdfOý: 1.7. 
Figure 5.25 shows the variation of 2c with fdf. and the lock-on limits in the in-line 
tube bundle with drop-shaped cylinders under pulsating flow conditions. The lock-on 
region is the one within the curve (black line); this is the same curve as that described 
in Chapter 3, paragraph 3.3.3, which was originally obtained by interpolating the data 
published by Barbi et al (1986) and Griffin and Ramberg (1976) for a single circular 
cylinder. The blue diamonds represent the same data as in Figure 5.23 and confirrn 
that lock-on does not occur for fd = 10 Hz and Re ranging between Re = 2,559 and Re 
13 Note that the driving frequency had shifted from 10 Hz to 9.4 Ilz at the lowest Re. but this does not 
affect the conclusions. 
14 c is the reduced amplitude of the upstream pulsations and not of the local ones. 
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= 5,237. The data are not sufficient to extend the lock-on limits to highcr valucs of 
2c, which correspond to the Re = 1,823 and Re = 1,443 cascs. For thcsc low 
Reynolds number cases it is not possible to confirm the spcctra findings shown in 
Figure 5.23. 
The data points represented in Figure 5.25 with pink squarcs and red circles 
correspond to the same data as the ones obtained behind the sixth row for various 
driving frequencies (fd: 5 17) and Re = 2,200, shown in Figure 5.24. It can be seen 
that the two data points (red circles) representing the two cases for fd = 17 Hz and fd = 
15 Hz (Re = 2,200) mentioned above fall within the lock-on region in agreement with 
the findings of the corresponding spectra. All the other data points, with the 
exception of those very close to the lock-on right limit (black line) corresponding to 
fd = 13 and 12 Hz, fall outside of the lock-on region, in agreement with the spectra 
findings showing that for these cases the driving and shedding frequencies arc dc. 
coupled. It should be noted that despite the uncertainty of points lying very close to 
the lock-on boundary (due to both the fact that this was constructed by interpolating 
experimental data of the flow past a single circular cylinder and to the inherent 
experimental error associated with the present data), the LDA findings suggest that 
the probability for lock-on to occur at the flow conditions corresponding to these data 
points is very low. 
5.4 Skewness and kurtosis in steady and pulsating flow 
The skewness and the kurtosis of both the axial and radial velocity probability 
distributions were also determined in steady flow throughout the flow field at Re = 
6,300. Figure 5.26 shows the kurtosis contours of the axial (a) and radial (b) mean 
velocity components. The axial profiles show that the lowest values of the kurtosis 
(2.2 -1- 2.8) are recorded in the wake and over the shoulders of the cylinders, 
particularly the downstream ones. The highest values (> 4) are instead recorded along 
the shear layers, whose thickness increases in the downstream direction. In the 
remaining regions of the bundle, values between 3 and 3.2 can generally be observed. 
Therefore, at the entrance of the tube bank and in the frecstream the axial velocity 
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distributions resemble the normal one (Kr = 3). The kurtosis contours exhibit similar 
characteristics to those observed in the in-line array with elliptic cylindcrs. 
Figure 5.26 (b) shows the radial velocity kurtosis contours. It can be sccn that 
generally the values are higher than the corresponding axial ones. In particular, 
values varying between 3 and 4 are recorded behind the first three rows. Valucs as 
high as those observed along the shear layers arc recorded over the shoulder of the 
cylinders, in particular over their parabolic half. Again values corresponding to a 
nonnal distribution (Kr =3) are recorded in the freestream. 
It is therefore apparent that the radial velocities have little fluctuations, and less than 
the axial ones, around the mean velocity component over large part of the flow ricld, 
while high fluctuations are recorded in the proximity of the rear stagnation point of 
the cylinders. 
Figures 5.27 (a)-(b) show the axial and radial skewness profiles in steady flow for Re 
= 6,300. The skewness was calculated from the same timc-vclocity records 
from 
which the kurtosis was determined. Slightly higher values of the radial velocity 
skewness are observed along the shear layers and in the flow passages. In both 
distributions the skewness is not higher than 0.4 behind the first two rows and 
decreases behind the downstream ones. It should be noted that slightly higher values 
than those corresponding to the normal distribution (Sk = 0) are observed in the 
cylinder wakes and lower values in the rest of the flow domain. This implies that 
high velocity regions move into the wakes and, vice versa, low radial velocity flow 
lumps move from the high turbulence wake into the shear layer, across which the 
skewness varics between 0.4 and - 0.4. 
5.5 Flow visualisation 
Selected visualisation pictures obtained behind the first and third cylinders in both 
steady and pulsating now are shown in Figures 5.28-5.31 and Figures 5.32-5.33 
respectively. 
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The time interval between frames, ATp, was equal to 20 ms. The first frame, Framc 
was arbitrarily chosen to correspond to the observation time t=0. In the sequcncc of 
fmmes, time increases from left to right and from top to bottom. The nomcnciaturc 
adopted does not differ from that used in the description of the visualisation pictures 
shown in Chapter 3 and 4. 
Figures 5.28 (a)-(f) show flow visualisation, pictures obtained behind the first row at 
Re = 842. In Figures 5.28 (b) to 5.28 (f) the flow images (column (a)) are compared 
with those obtained at Re = 1,426 (column (b)) in order to study the effect of Re on 
the fluid dynamics and periodicities of the flow in the wake of the first drop-shapcd 
cylinder. 
The first four frames (t. =0 ms - t. = 60 ms) of Figure 5.28 (a) show the shedding of 
the - clockwise vortex P1.15 (see frame at ta16 = 60 ms) and its downstream 
convection. Pla grows in size during this time interval and at tj = 80 ms (Figures 5.29 
(b)) its diameter reaches the maximum value in the entire shedding period. It can 
clearly be seen that Pi. draws irrotational flow into the wake. This is entrained in 
between the downstream cylinder tip and the vortex itself. The entrained fluid slows 
down the downstream convection of P1. and causes the vortex to move towards the 
wake centreline (see t. = 100 ms). The entrained irrotational flow, deflected by the tip 
of the downstream cylinder, crosses the wake centreline and flows downward along 
the cylinder wall on the negative side of the wake (see frame at t, = 120 ms). At t. = 
120 ms the amount of entrained fluid is significantly reduced and the reduced passage 
area between the tip and the vortex causes it to accelerate. Furthermore, the direction 
of the entrained flow streamlines is almost parallel to that of the near tip wall 
(compare the angles between these two directions, indicated by dashed lines, in 
frames t. = 40 ms and t. = 120 ms). As a consequence the entrained flow moves 
along the cylinder wall and separates at the tip forrning the vortex N, '* 
17 which 
grows in the proximity of the front stagnation point (see again frame at t, = 120 ms). 
15 Pi. (N. ) and Pib (Nib) indicate clockwise 
klockwise) 
vortices referring to the lower (Re a 842) or 
higher (Re = 1,426) Reynolds number respectively. 
16 t, and th indicate the observation time relative to the lower (Re = 842) and higher (Re = 1,426) 
Reynolds number respectively. 
17 The star indicates that the vortex is not shed by the upstream cylinder but formed by the separation 
of the flow over the tip of the 
downstream one. 
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It is interesting to note that the distance between the rear stagnation point of the first 
cylinder and the front stagnation point of the second cylinder is approximately the 
same as that between the elliptic cylinders in the in-line array described in Chapter 3. 
A main difference between the two arrays is that the wider wake observed in the 
present array, due to the circular shape of the bottom part of the cylinders, causes the 
shear layers not to impinge on the upper part (of parabolic shape) of the downstrcam 
cylinder and consequently to be relatively free to oscillate and roll up as opposcd to 
the first elliptic cylinder whose vortex activity in the wake was found to be 
negligible. 
The visualisation pictures obtained at low Re are comparced with those at high Re 
starting from frames at t. = 140 ms (Re = 842) and tb =0 ms (Re = 1,426) in Figure 
5.28 (b)". Two clockwise vortices, PI, (t. = 140 ms) and Plb Ob =0 ms), shed 
from the first cylinder are convected downstream up to the tip of the second one and 
two/ýIockwise ones, Nl. 
* (t. = 140 ms) and NIb* Ob =0 ms), are forming by 
separation of the flow over the tip of the downstream cylinder, in the low and high 
Re sequences respectively. At tb ý-- 0 MSt Plb, lies over the parabolic shoulder of the 
second cylinder and its axis is oriented accordingly. 
The flow that is drawn into the 
wake by Plb moves upward along the cylinder upper wall and separates over the tip 
forming the anticlockwise vortex NIb. The formation sequence of NIb is Similar to 
that of N1. for the low Re sequence, although the latter is more apparent. 
Apart from the slight differences in the size and orientation of the vortices Plb and P1. 
and in the position of their cores, no significant 
differences can be observed in the 
vortex pattern. However, it can 
be seen in this and in the subsequent fmmcs, that the 
wake referring to the lower Reynolds number 
is more stagnant and asymmetric than 
the one at higher Re, and its width, W, larger. 
Differences between the vortex patterns of the two Re sequences arise in the 
successive time frames. At 4= 140 ms P1. has impinged on the tip of the second 
cylinder and its axis is inclined by 55" with respect to the cylinder axis. NI., is 
formed and grows in size up to t. = 220 ms. Meanwhile, it has moved transversely 
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towards the negative shear layer 19 (see again frame at t. = 220 ms). As a consequence 
NJ. - is partly fed by the flow entrained by P1, into the wake (Pi. and NJ, * bear 
vorticity of opposite sign) and partly by the negative shear layer. It should be noted 
that from ta : -- 160 ms to t. = 220 ms P1, and NJ, ., which constitute a pair of vortices 
whose relative position, shape and size does not vary, are convected towards the 
negative shear layer along a direction that is approximately given by the slope of the 
second cylinder near tip, or otherwise by the direction of the separating flow forming 
NJ, * (see Frame at t. = 180 ms). Meanwhile an anticlockwise vortex, NJ., is shed and 
convected downstream. The frames do not clearly show the shedding time, but the 
vortex can be more clearly noticed in Frame t. = 220. In the successive times framcs 
the interaction of the three vortices, PI., N ,* and NJ. occurs (see frames t, = 260 ms 
-4 300 ms). It should be noted that while 
P1. is clockwise, N 1, * and NJ, are 
anticlockwise and therefore the interaction between them is disruptive. NJ, is 
dissipated (see frame at ta = 320 ms) while N 1, * firstly grows in size (see Frame t, 
340 ms) and then is finally convected downstream. 
The frame at tb : -- 0 MS shows three vortices, Plb, Nib* and Nib. Nib shed by the 
upstream cylinder and convected downstream is dissipating. At tb = 40 ms a second 
anticlockwise vortex, N2b, is approaching the downstream cylinder. In contrast to 
what was observed at the lower Re, (Nlb*g as opposed to Nl. 
*, does not have the 
possibility to grow in size before interacting with the incoming vortex Nib) Nib* 
interacts with Nib already at tb = 20 ms. At tb = 80 ms the three vortices, Nib*, Nib 
and N2b are dissipated. Meanwhile Plb grows in size and 
is convected downstrcam 
along the second cylinder side wall. A second clockwise Vortex, P2b, is observed at tb 
= 200 ms. The latter, delayed 
in its downstream convection by Plb, is reached by a 
third clockwise vortex P3b (see frame at tb = 320 ms) bearing vorticity of the same 
sign. Due to their interaction, the two vortices 
first decrease in strcngth then, after the 
impingement Of P2b on the downstream cylinder wall, merge into one (see framcs tb = 
300 -4 320). 
The comparison starts with two different time frames (t, = 140 ms and th =0 ms) as the Frame 1. t 
0 ms, of the two sequences was recorded at different times of the shedding period. The two frames, t. 
= 140 ms and tb =0 ms, were chosen as 
they show a similar vortex pattern. 
19 The iffotational flow on the left-hand side of the cylinder. 
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The comparison between frames at t. = 140 ms and tb =0 ms and bctwccn 
subsequent ones (t. =0 ms -> 160 ms and tb"*ý 0 MS -> 160 ms) shows that the higher 
the Re the larger is the amount of irrotational flow drawn into the wakc, but the less 
the amount of fluid which crosses it. The close examination of the fmmes sujzizcsts 
that a low Re favours the asymmetry of the flow in the wake, although the now 
pattern is never perfectly symmetrical. 
Although the vortex activity, at both Re, is apparently stronger than that bchind the 
first elliptic cylinder (see Chapter 3) it is not possible to identify clearly a periodicity 
in the flow pattern of the two sequences. This is particularly true in the low Re 
sequence where the flow is clearly asymmetrical due to the transversal convection of 
the clockwise vortex PI,, and its consequent interaction with the anticlockwise 
vortices shed from the opposite side of the wake. 
Figures 5.29 (a)-(c) shows three complete cycles of vortex shedding behind the first 
cylinder under pulsating flow conditions (fd = 14 Hz, 2c = 0.2, Re = 1,443). The IDA 
findings suggest that the flow conditions for the pulsating flow experiment in this 
case are such that vortex shedding locks at half the pulsation frequency (see Figure 
5.25). The effect of pulsations is apparent. The first frame (t =0 ms) shows the shear 
layer separating from the left-hand side of the cylinder violently drawn, as indicated 
by the arrow, towards the centreline of the high turbulence wake (which is 
consequently slightly skewed on the right) as a result of the rapid dissipation of an 
anticlockwise vortex 
20. The frame at t= 20 ms. shows a clockwise vortex, P1, shed by 
the first cylinder which rapidly grows in size. At = 40 ms it occupies the whole wake. 
It should be noted that this vortex does not appear to be convected downstream but 
moves along the cylinder wall towards the rear stagnation point (see t=0 ms -4 60 
ms). The positive irrotational flow violently drawn into the wake by P, crosses the 
centreline and reaches the shear layer separating from the opposite side of the 
upstream cylinder. P, rapidly dissipates as soon as it interacts with the irrotational 
shear layer (see frame at t= 60 ms). It should be noted that it is the outer edge of the 
20 The vortex is not shown because its dissipation occurs at a time which precedes that chosen as 
corresponding to the observation time t=0 ms. However, its formation and dissipation can be infemd 
by the observation (see t= 140 ms) of the successive frames. The dissipation time can be evaluated to 
be approximately equal to 40 ms. 
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vortex that crosses the wake while its core remains on the right-hand side of the wake 
(the same is observed for the anticlockwise vortices). 
The wake has therefore undergone significant modifications in its structurc: no 
stagnant areas can be identified even along the cylinder wall in the proximity of the 
rear stagnation point (see t= 40 ms). The flow is essentially transversal to the wake 
axis. Due to the substantial mass transfer across the wake the vortex shedding is 
necessarily anti-symmetrical (see also Ziada and Oeng6ren, 1991). ThcrCforc, at the 
flow conditions adopted for the present flow visualisation study, pulsations do not 
promote symmetry, although the flow periodicity is well dcrined and the flow pattern 
appears well organised. It is clear from the sequence that the flow is periodical with 
a period of T= 140 ms (compare frame at t= 40 ms with that at t= 180 ms), which 
corresponds to a frequency of 7 Hz, that is half the pulsation frequency. It should be 
noted that the corresponding natural vortex shedding frequency in steady flow (Re = 
1,443) is approximately equal to 5.8 Hz (see Figure 5.25; fd/f. = 2.41 and 2e = 0.2). 
As expected, therefore, the vortex shedding locks on half the pulsation frequcncy. 
For comparison visualisation pictures obtained behind the first cylinder under 
pulsating flow conditions at the same Re as that of the previous case examined, but at 
a lower driving frequency, fd, are shown in Figure 5.30 (fd = 10 Hz, 2c = 0.2, Re = 
1,443). The effect of pulsations is also apparent in the present sequence of frames. 
The first frame (t =0 ms) shows the wake of the first cylinder after the dissipation of 
a pair of vortices, of quasi-symmetrical pattern. It can be inferred by the slight 
asymmetry of the wake, and particularly by the angle of the separating streamlines, 
that the clockwise vortex was slightly larger. The larger the vortex, the more 
violently the irrotational flow is drawn into the wake at its dissipation. The sudden 
dissipation of the vortex causes the irrotational flow on the positive y-dircction to be 
more violently drawn into the wake than that on the opposite side. In the successive 
frame (t = 20 ms) two new large quasi-symmetrical vortices, the clockwise vortex P, 
and the anticlockwise one Ni, are shed. At t= 20 ms their size and the position of 
their cores are clearly different as shown in the corresponding frame. During the 
formation phase (t =0 -> 40 ms) (in the single cycle/time period) the downstream 
convection of N, and its growth rate are larger than that of P1. As a consequence at 
the start of the dissipation phase (t = 60 ms) the differences in the size and the core 
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location of the two vortices have become negligible. At t= 60 they have reached their 
maximum size in the entire shedding period. The successive time framc (t = 80 ms) 
shows their sudden dissipation. 
It should be noted that the frames from t= 60 ms to t= 160 ms show a complete 
cycle of vortex shedding of period T= 100 ms, which corresponds to a frequency of 
10 Hz, that is the pulsation driving frequency. The first half-pcriod of the cycic 
(dissipation phase) is represented by the frames t= 60 ms -ý 100 ms. Frames from t 
= 120 ms to t= 160 ms represent instead the second half-pcriod, which corresponds 
to the fonnation phase during this time interval. Two quasi -symmctri cal vortices arc 
shed, P2 and N2. They again grow in size and reach their maximum at t= 140 ms. It 
is important to note that the two half cycles are not perfectly symmetrical. As it can 
be seen, in the first half cycle the clockwise vortex is smaller than the anticlockwisc 
one and the opposite occurs in the second half. The most significant and evident 
difference between the two pulsating cases examined (Cd = 14 Hz and fd = 10 Hz) lies 
in the fact that in the former the vortex shedding is alternate while in the latter it is 
symmetrical. This difference can only be attributed to the different pulsation 
frequencies, as the amplitude of the pulsations is the same for the two cases. 
Figure 5.31 shows visualisation pictures for pulsating flow with the same driving 
frequency as in the previous case but at higher Re (Re = 2,139, fd = 10 Hz, 2C = 0.2). 
This in order to determine the effect of the Reynolds number on the fluid dynamics 
and periodicities of the flow in the wake of the first cylinder. it should be noted that 
the amplitude of the pulsations upstream of the tube bundle is slightly diffcrent than 
in the previous case. Furthermore, it is clear that, although the experimental set up 
was the same for the two cases, the resolution of the pictures at higher Re is 
significantly lower. 
The sequence of frames shows (see Frame at t= 40 rns) two vortices, P, and N1, 
symmetrically shed and convected downstrr-am. The frame at t= 100 rns shows a 
new vortex pair (P2, NA It is not possible 
from the pictures to determine their 
shedding time due to the high turbulence of the 
flow and the low resolution of the 
pictures. However, it is possible to infer 
from the flow patterns that the vortices were 
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shed at a time t ranging between t= 60 and t= 80 ms 2 1. At t= 80 ms, in fact, the 
wake width has a minimum as a consequence of the dissipation of the two 
symmetrical vortices, P, and N1. This is then followed by the formation of P2 and N2 
(compare the pulsating sequence in Figure 5.30). The comparison between the frarric 
at t= 40 with that at t= 140 suggests that the flow pattern is periodical with period T 
= 100 ms, which corresponds to a frequency of 10 Hz, i. e. the pulsation driving 
frequency; therefore lock-on occurs at the driving frequency. However, it should be 
noted that the natural vortex shedding frequency in steady flow for Re = 2,139 is 
approximately equal to 8.8 Hz (fd/G. = 1.14), a value not very different from that of 
the driving frequency. Therefore, due the low resolution of the pictures, which can be 
partly attributed to the high turbulence levels in the wake, and to the aforementioned 
time uncertainty it is not possible to draw any relevant conclusion about the 
frequency of the vortex shedding. 
Figures 5.32 (a)-(d) show selected flow visualisation pictures obtained behind the 
third row at Re = 842 in steady flow. A comparison with the sequence of frames 
obtained at the same Reynolds number behind the first row (Figure 5.28) allows 
assessing the effect of the row depth on the fluid dynamics and pcriodicitics of the 
flow in the wake. It should be noted that the scale of the pictures is not the same as 
that used for those in Figure 5.31; the width of the frames in Figures 5.32 and 5.32 
corresponds to about 17.3 mrn and 10.2 mm respectively. Furthermore, in order to 
provide spatial information two dashed lines are superimposed to the first picture (t = 
o ms) whose distance is equal to the minor axis of the cylinders (dy = 6.16 mm). The r 
wake region is not as well defined as that behind the f*kt row, due to the higher 
turbulence of the flow, but the shedding of vortices is clearly shown. It is interesting 
to note that the formation and shedding of the vortices is accompanied by a 
transversal and oscillatorY22 motion of a layer of laminar flow along the lower surface 
of the cylinder (see frame at t= 40 ms). The sweeping of the rcar part of the cylinder 
occurs with a frequency that is related to that of the vortex shedding, and therefore 
increases with the Reynolds number until the layer breaks up into turbulence. It 
should also be noted that the flow patterns shown in the sequence resemble those 
21 Consider that there is a time uncertainty of ± 20 ms. 
22 The paths of the particles within the layer show that these move from left to right when clockwise 
vortices are shed and from right to left when anticlockwise vortices are shed. 
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observed in Figure 5.30 (pulsating flow), confirming again that similar charactedstics 
to those of the mean flow under pulsating conditions can be obtained in steady flow 
by simply increasing the corresponding Reynolds number. The comparison of the 
frame at t= 80 ms (it is chosen as reference as the shedding vortex is clearly shown) 
with that at t= 380 rns shows that the flow pattern is periodical with period T= 300 
rns, which corresponds to a shedding frequency, fs, of 3.3 Hz. This value is in 
agreement with that calculated at the same Re by means of equation (5.1). 
The clockwise vortex Pi slowly moves towards the centreline while it is convectcd 
downstream (see t= 20 ms). The distance travelled along the radial and axial 
direction by P, from t= 20 ms to 140 ms is indicated in the framc at t= 140 ms 
where the triangle shows the axial (Ax), radial (Ay) and actual displacement of the 
vortex core in this time interval. The spatial reference given in Frame 1, t=0 ms, 
allows the evaluation of both the vortex core displacements and the mean convection 
velocity components. The axial and radial displacements are approximately equal to 
4.24 mm and 2.28 mm respectively, that is 0.32 and 0.37 times the long and short 
axis respectively. The actual displacement is therefore approximately equal to 4.81 
rnm. Hence, the convection axial and radial velocity components (the time interval 
between the frames is equal to At = 120 ms) are approximately equal to 0.036 m/s 
and O. oIg nVs, that is 0.4 and 0.20 times the upstream bulk velocity, U, 
respectively. 
Finally Figures 5.33 (a)-(d) show a comparison of selected flow visualisation pictures 
obtained at Re = 1,443 (that is at higher Re then the previous case) behind the third 
row between steady (column (a) of Figure 5.33) and pulsating flow (Ao= 0.2, fd = 10 
column (b) of Figure 5.33). The differences between the steady and pulsating Tj- 
flow patterns are apparent. In steady flow the wake is clearly better defined than in 
pulsating flow, that is the velocity gradients across the shear layer are steeper and as a 
result the low velocity region can be more easily identified. The two frames at t. =0 
rns and tb =0 ms were chosen as first frames of the time sequences as they both show 
a clockwise vortex being shed by the third cylinder which is located at a similar 
position. The frame at t. =0 ms shows three vortices. P1, (clockwise) and N1. 
(anticlockwise) which are convected downstream, and P2. (clockwise) (although not 
clearly shown) that has been shed. Similarly at tb = Oms, a clockwise vortex, Plb, is 
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shed under pulsating flow conditions. However, the wake flow pattcrn is compictcly 
different from the corresponding one in steady flow. 
P2. is slowly convected downstream although delayed by both N1. and P1. in its mdial 
and axial convection respectively. The frame at t, = 60 ms shows that a Second 
anticlockwise vortex, Nu, was formed and convected downstream (its shedding and 
convection is not clear in the preceding frames). Its growth and convection is 
hindered by Ni. until the latter diffuses. From t. = 60 ms to t= 120 ms N2a can be 
clearly distinguished as it convects downstrem. It is possible that N2. was formed at 
the same time as P2a and therefore that the vortex formation is symmetrical despite 
the asymmetry observed in the downstream convection. In the time interval that goes 
from ta =0 MS to ta = 80 ms N2. reaches P2a, which is probably delayed by the 
preceding vortices, and the flow pattern appears symmetrical. The newly shed 
vortices, P3a and Mat shown in the frames at ta = 180 ms and 200 ms arc similarly 
affected in their downstream convection by N2., and Pa whose size and location are 
also similar, and, as expected, their convection is approximately symmetrical. Note in 
particular the flow pattern in the frames corresponding to the time interval t. = 200 
MS -4 ta = 240 ms. This seems to confirm that the vortices are shed symmetrically 
and asymmetries in the flow pattern develop during their convection phase. This is 
probably due to flow instabilities promoted by the downstream cylinder which may 
affect the growth and movement of the incoming vortices differently. 
It is interesting to compare the values of the vortex convection velocity components 
evaluated (by direct observation of the pictures) behind the third row for low (Figure 
5.32) and high (present case) Re. The evaluation was made by measuring the axial 
and radial distance travelled by P2. in the time interval tb = 20 ms -ý tb = 80 MS. The 
axial and radial displacements are approximately equal to 3.66 mm and 1.58 mm 
respectively, that is 0.28 and 0.26 times the long and short axis respectively, and the 
actual displacement approximately equal to 3.99 mm. The convection axial and radial 
velocity components (the time interval between the frames is equal to At = 60 ms) arc 
approximately equal to 0.061 m/s and 0.026 m/s, that is 0.38 and 0.16 times the 
upstream bulk velocity, U., respectively. These values are similar to those found at 
low Re suggesting that the convection velocity scales with the bulk velocity and 
consequently with the Reynolds number. 
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it is clear that the downstream convection of vortices in pulsating flow can be 
neglected with respect to the steady flow case. Plb sweeps the cylinder rear wall, but 
in contrast to what was observed in the pulsating case shown in Figure 5.30 (see 
frames tb = 20 -4 tb = 60 ms), the convection of the vortex in the radial direction 
along the negative y-direction is not apparent. The vortex grows, although slightly, 
from tb =0 MS to tb = 20 and at tb = 40 ms it dissipates. Its rapid and sudden 
dissipation causes the positive shear layer to be violently drawn into the wake Ob = 
60 rns). This is a characteristic of the flow under pulsating conditions. In the steady 
case the slow growth and downstream convection of the vortices prevent the shear 
layer from being so abruptly and strongly deflected towards the wake ccntrclinc. It 
should be noted, therefore, that the irrotational flow is entrained into the wake as a 
consequence of both the dissipation (see tb = 60 ms) and fon-nation/shcdding (see tb 
100 ms) of a vortex. 
Although not clearly shown by the sequence of frames due to the low resolution of 
the pictures, the flow pattern of the pulsating flow is periodical with a period of T 
loo ms, which corresponds to a shedding frequency of fd = 10 Hz. 
5.6 Conclusions 
An experimental investigation was carried out on the flow around an in-line array 
with drop-shaped cylinders. 
The results showed that the difference of turbulence levels along the flow passages 
(YIST 0.5) between the arrays with elliptic and drop-shaped cylinders is very small 
at the entrance to the tube bank and decreases further downstream (the turbulence 
levels are slightly higher in the drop-shaped array). Already behind the second row 
the turbulence levels of both arrays are significantly lower than those in the array 
with circular cylinders. Differences between the in-line arrays with elliptic and drop. 
shaped cylinders respectively can be observed only in the cylinder wakes, particularly 
behind the first one. The magnitude of the r. m. s peak behind the first elliptic cylinder 
is up to 75% higher than that observed behind the drop-shaped one. 
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The difference of the two r. m. s. components is near zero over the whole flow domain 
indicating that the turbulence could be assumed highly isotropic, with the exception 
of the shoulders of the third cylinder and in the proximity of the separation points of 
the fifth and sixth rows where the difference reaches values in the range O. IU. < lv'- 
u'l < 0.2U.. A vortex shedding activity could be observed behind all rows, but a well 
defined vortex shedding frequency was detected only downstream of the second one. 
The Strouhal number, defined by the minor axis of the drop-shaped cylinders, dy, and 
the gap velocity, Ug, was found to be equal to 0.16 in inner rows. The only significant 
effect of the pulsations on the turbulence of the flow was observed behind the first 
cylinder as in the in-line array with elliptic cylinders. Lock-on of the natural vortex 
shedding at either the superimposed pulsation frequency or at half of it depending on 
the reduced amplitude of pulsations upstream of the tube bundle was observed. 
The flow visualisation study confirmed the findings of the LDA measurcmcnts. In 
particular it indicated the presence of an intense vortex activity even behind the first 
row, in contrast to what was observed in the in-line array with elliptic cylinders, 
which showed lack of any significant vortex activity behind the first cylinder. 
The following chapter examines the heat transfer characteristics of both the in-line 
and the asymmetric array with elliptic and circular cylinders respectively. All 
measurements were taken in both steady and pulsating flow. The study was carried 
out in order to evaluate the effect of the mean flow and turbulence characteristics on 
the heat transfer and to identify tube bundle configurations as well as flow 
conditions, which maximise the heat transfer of the outer surface of the tubes. 




I- 2" 4, 















Figure 5.1. Velocity vectors in the in-line bundle with drop-shaped cylinders (steady 
flow, Re 6,300). 




Figure 5.2. Distribution of the axial mean velocity, U/U_ in the In-line bundle with 
drop-shaped cylinders (steady flow, Re = 6,300). 
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]Figure 5.3. Comparison of the axial mean velocity profiles, U/U_, between the in- 
line array with drop-shaped cylinders and the one with elliptic ones (steady flow). 
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Figure 5.4. Comparison of the U/U_ profiles between the in-line array with drop- 
shaped cylinders and the one with elliptic ones (steady flow). 







Figure 5.5. Distribution of the radial mean velocity, V/U_ in the in-line hundle %k ith 
drop-shaped cylinders (steady flow, Re = 6,300). 
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Figure 5.6. Comparison of the radial mean velocity profiles, V/U., between the in- 
line array with drop-shaped cylinders and the one with elliptic ones (steady flow). 
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U-) along the flow passage (Y/ST 7- 
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Figure 5.9. Distribution of u'IU., (a), and v'/U-, (b), in the in-line bundle with drop- 
shaped cylinders (steady 
flow, Re = 6,300). 
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Figure 5.12. Amplitude spectra behind the sixth row in the in-line bundle with drop- 
shaped cylinders for various 
Re (steady flow). 
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Figure 5.21. Axial mean velocity profile along the centreline in the wake of the sixth 
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Figure 5.26. Axial (a) and radial (b) kurtosis profiles in steady flow past the in-line 
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Figure 5.28 (a). Visualisation pictures of the flow in the wake of the first cylinder. 
(a): Re = 842, frames 1-4. 
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Figure 5.28 (b). Visualisation pictures of the flow in the wake of the finst Cylinder 
(a): Re = 842. Frames 5-8. 
(b): Re = 1,426. Frame I- 
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Figure 5.28 (c). Visualisation pictures of the flow in the wake of the first cylinder. 
(a): Re = 842. Frames 9-12. 
(b): Re = 1,426. Frames 2-5. 
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Figure 5.28 (d). Visualisation pictures of the flow in the wake of the finst cylinder. 
(a): Re = 842. Frames 13-16. 
(b): Re = 1,426. Frames 6-9. 
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Figure 5.28 (e). Visualisation pictures of the flow in the wake of the first cylinder. 
(a): Re = 842. Frames 17-20. 
(b): Re = 1,426. Frames 10-13. 
Chapter 5 Velocity characteristics of an in-line array with drop-shaped ttibC% 271 
Figure 5.28 (f). Visualisation pictures of the flow in the wake of the first cylinder. 
(a): Re = 842. Frames 21-23. 
(b): Re = 1,426. Frames 14-17. 
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Figure 5.29 (a). Visualisation pictures of the flow in the wake of the first row in 
pulsating flow (Re = 1,443,14 
Hz). Frames 1-8. 
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Figure 5.29 (b). Visualisation pictures of the flow in the wake of' the first row in 
pulsating flow (Re = 1,443,14 Hz). Frames 
9-16. 
Chapter 5 Velocity characteristics of an in-line array with drop-shaped tubes 274 
Figure 5.29 (c). Visualisation pictures of the flow in the wake of' the first row in 
pulsating flow (Re = 1,443,14 Hz). Frame 17. 
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Figure 5.30 (a). Visualisation pictures of the flow in the wake of the first row in 
pulsating flow (Re = 1,443,10 Hz). Frames 1-8. 
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Figure 5.30 (b). Visualisation pictures of the flow in the wake of the first row in 
pulsating flow (Re = 1,443,10 Hz). Frame 9. 
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Figure 5.31. Visualisation pictures of the flow in the wake of the first row in 
pulsating flow (Re = 2,139,10 Hz). Frames 1-8. 
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Figure 5.32 (a). Visualisation pictures of the flow in the wake of the third cylinder 
(Re = 842). Frames 1-8. 
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Figure 5.32 (b). Visualisation pictures of the flow in the wake of the third cylinder 
(Re = 842). Frames 9-16. 
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Figure 5.32 (c). Visualisation pictures of the flow in the wake of the third cylinder 
(Re = 842). Frames 17-24. 
Chapter 5 Velocity characteristics of an in-line array with drop-shaped tubLs 281 
Figure 5.32 (d). Visualisation pictures of the flow in the wake of the third cylinder 
(Re = 842). Frames 25-26. 
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= 60 ms 
]Figure 5.33 (a). Visualisation pictures of the flow in the wake of the first cylinder in 
steady ((a), Re = 1,443) and pulsating 
flow ((b), Re = 1,443, fp = 10 Hz). Frames 1-4. 
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Figure 5.33 (b). Visualisation pictures of the flow in the wake of the first cylinder in 
steady ((a), Re = 1,443) and pulsating flow ((b), Re = 1,443, fP = 10 Hz). Frames 5-8. 
Chapter 5 Velocity characteristics of an in-line array with drop-shaped tubes 284 
Figure 5.33 (c). Visualisation pictures of the flow in the wake of the first cylinder in 
steady ((a), Re = 1,443) and pulsating 
flow ((b), Re = 1,443, fp = 10 Hz). Frames 9- 
12. 
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Figure 5.33 (d). Visualisation pictures of the flow in the wake of the first cylinder in 
steady ((a), Re = 1,443) and pulsating 
flow ((b), Re = 1,443, fp = 10 Hz). Frames 13- 
16. 
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Figure 5.33 (e). Visualisation pictures of the flow in the wake of the first cylinder in 
steady ((a), Re = 1,443) and pulsating 
flow ((b), Re = 1,443, fp = 10 Hz). Frames 17- 
20. 
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Figure 5.33 (f). Visualisation pictures of the flow in the wake of the first cylinder in 
steady ((a), Re = 1,443) and pulsating flow ((b), Re = 1,443, fp = 10 Hz). Frames 21- 
22. 
CHAPTER 6 
Heat Transfer Characteristics of an 
Asymmetric Array with Circular Cylinders 
and an In-Line Array with Elliptic 
Cylinders 
6.1 Introduction 
Surface temperature measurements in both the asymmetric array with circular 
cylinders and in the in-line one with elliptic cylinders were taken using a 
thermocouple technique as mentioned in Chapter 2. The lengths of the axes of the 
elliptic cylinders were chosen so that the circumferential length of the cylinders, and 
therefore the heat transfer area, was the same as that of the circular ones employed in 
the asymmetric arrangement. An equivalent diameter, dc ,, was 
defined for the elliptic 
cylinders (see Table 3.1 in Chapter 3) as the diameter of an equivalent circular 
cylinder, whose circumferential length was equal to that of the present elliptic 
cylinder. The Reynolds number was defined using the cylinder diameter, d, and the 
equivalent one, d, =d= 10 mm, for the circular and elliptic cylinders respectively, as 
the characteristic length, and the upstream bulk velocity, U., as the characteristic 
velocity. As detailed measurtments were taken in both arrays at the same upstrem 
bulk velocity, this was selected in preference to the gap velocity as characteristic 
velocity for the definition of the Reynolds number. 
However, the Re based on the gap 
velocity, Ug, can be easily calculated considering that 
Ug is equal to 1.22U.. and 
1.38U. for the in-line and the asymmetric array respectively. 
Surface temperature measurements were taken in both steady and pulsating flow (10 
liz) for Reynolds numbers ranging from 1,608 to 6,430. 
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6.2 Asymmetric array with circular cylinders 
Figure 6.1 shows a comparison between Nul number distributions at different rows in 
steady flow. The Reynolds number defined using the upstream bulk velocity, U., as 
characteristic velocity, was equal to Re = 6,4302 . The results of Figure 6.1 indicate 
that the heat transfer rates are low around the first row cylinder and they increase in 
subsequent rows. Inner rows, i. e. rows 3 to 5, have similar Nu number distributions 
which implies that the entrance effects in the asymmetric arrangement arc mstrictcd 
to the first three rows only. The heat transfer rates at the exit of the bundle, row 6, arc 
sin-dlar to the rates measured in row 2 for angles of 90 - 270*. 
The same profiles as those in Figure 6.1 are shown for each row in Figure 6.2. The 
profiles are plotted with different ordinate scales in order to highlight the variation of 
the Nusselt number with the circumferential angle, 9. The heat transfer coefficient 
around the first row cylinder decreases with increasing (p, from its maximum value 
(Nu =- 135) recorded at the front stagnation point, 9= 0". to a local minimum (Nu z 
95) at approximately ýp = 90* and 270*, where separation of the flow occurs (as 
shown in Figure 4.33 (a)). It should be noted that the distribution is nearly 
symmetrical around the cylinder axis. The heat transfer rates decrease along the 
cylinder surface as the boundary layer thickness increases from the front stagnation 
point up to the separation point where a relative minimum of the Nussclt number is 
recorded. Downstream of the separation point the Nusselt number first increases. as 
expected, up to approximately ýp = 100* - 110", then decreases up to a second local 
minimum (Nu =- 90) at T= 135*- This minimum in the heat transfer distribution is 
attributed to the presence of a stagnant region downstream of the separation point. 
The boundaries of this region must be fluctuating but apparently the position (p = 
135' remains always inside the stagnant region. The occurrence of this stagnant 
region was also revealed by the spectral analysis carried out by Telionis ct al (1992) 
on the flow in the near wake of a circular cylinder in steady flow. For (P > UP the 
Nusselt number increases again up to a local maximum at the rear stagnation point, 
1 Local instantaneous values of the Nusselt number were calculated from the surface temperature data. 
as mentioned in Chapter 2, by means of Equation 2.26. The Nu used in the present chapter is defined 
as the time-average of the instantaneous values recorded over the measuring period. 
2 Note that the corresponding Reynolds number based on the gap velocity is 8,873. 
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i. e. ýo = 1800. The Nu number profile around the second cylinder is clearly 
asymmetrical around the centreline, as expected, due to the asymmetry of the 
arrangement. In particular the separation of the flow occurs at about 60* and 270* 
from the front stagnation point. This confirms the finding of the visualisation study 
described in Chapter 4 (see Figure 4.33 (b)) of an anticipated separation of the flow 
along the second cylinder due to the presence of the upstream cylinder which deflects 
the incoming flow. The profiles around downstream cylinders show a similar trend 
although the distributions are flatter and the location of the separation points and/or 
the relative maxima and minima might vary. 
Figure 6.3 shows a comparison between the Nu/Re't2 distribution in steady and 
pulsating flow around the first row. The frequency, fd, and relative amplitude, A., of 
pulsations were 10 Hz and 0.14 respectively. The comparison shows clearly that the 
heat transfer is enhanced when the flow is pulsed. Although a marked heat transfer 
enhancement by flow pulsations is observed along the whole circumferential length, 
the most significant effect, as expected (2ukauskas, 1972; Kikuchi ct a], 2000), is 
observed on the back surface of the cylinder. The flow conditions for the pulsating 
flow experiment in this case were such that vortex shedding was promoted and 
locked at the pulsation frequency. The augmentation of the heat transfer due to the 
pulsations can be partly attributed to the increased turbulence levels (see Chapter 4) 
and partly to the forced convection in the boundary layer, particularly under lock-on 
conditions (Kararnercan and Gainer, 1979). In steady flow, convection plays no role 
in the heat transfer through the larninar film of the water side of the tube, which 
instead occurs by means of conduction. When the flow is pulsed the periodic pressure 
variation produces forced circulations in the fluid and increases the heat transfer by 
promoting the formation of vortices, thus introducing convection in the boundary 
layer (Karamercan and Gainer, 1979). The flow visualisation study had shown that 
the effect of pulsations on the mean flow structure is not confined to the separation 
region and the wake, but extends up to the neighbourhood of the front stagnation 
point. In downstream rows, the Nu number in pulsating flow remains significantly 
higher than that in steady flow, although, as described in Chapter 4, in the wake 
region of downstream rows, the effect of pulsations on the turbulence levels is still 
noticeable, it is significantly lower than that behind the first cylinder, and outside the 
wakes the difference of the normalised r. m. s velocities between pulsating and steady 
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now is negligible. This implies that the enhancement of the heat transfer Is 
dominated by the forced convection in the boundary layer caused by the high 
amplitude pulsations rather than the increase in the turbulence levels. 
A comparison between the local Nusselt number at the front stagnation point between 
steady and pulsating flow at different amplitudes of oscillations is shown in Figure 
6.4. It should be noted that the relative amplitude of pulsations, resulting from the 
experimental set up, decreases with Re according to the following table: 
Table 6.1. Variation of the relative amplitude of pulsations upstream of the tube 







It is clear that from Re = 6,430 (A. = 0.0268) to Re = 5,466 (A. = 0.0363), duc to the 
low relative amplitude of pulsations, A., the Nusselt number obtained in steady flow 
has the same value as that obtained in pulsating flow. Ile pulsations supcrimposcd to 
the mean flow have, therefore, no effect on the heat transfer rates at low Ao. At Re = 
4,823 (AO = 0.0419) the Nu in pulsating flow is slightly higher than that in steady 
flow. As the Reynolds number decreases and correspondingly the relative amplitudc, 
A., increases, the Nusselt number in pulsating flow becomes progressively higher, up 
to 40 % at Re = 2,251, than that in steady flow. It should be noted that the smallcr 
effect of pulsations on the front stagnation point at high Re might be rclated to both 
the reduced amplitude of pulsations and to the increased turbulence levels in stcady 
flow. It should be observed that the experimental results shown in Figure 6.4 for the 
steady flow case are in agreement with the existing data (see Cheng ct al (1997) and 
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Zukauskas(1972)). Based on the present data for steady flow a correlation 
expressing the relationship between the Nusselt number and Re is obtaincd as: 
Nu = 0.88 Re'0*35 (6.1) 
Cheng and al (1997) observed that the Nusselt number incrcases apprcciably under 
lock-on conditions and concluded that the lock-on effect is the dominant mechanism 
enhancing the heat transfer. In general, however, the heat transfer augmentation may 
be attributed to two mechanisms, the lock-on phenomenon and the incrcase of 
turbulence with pulsations. 
6.3 In-line array with elliptic cylinders 
The surface temperatures in this arrangement were mcasurcd using the same 
technique as for the asymmetric array. However, instead of one, four thcnnocouplcs 
were embedded on the surface of the instrumented elliptic cylinder, placed at 0*, 25% 
155* and 180" from the front stagnation point, 9= 0". Surface temperature 
measurements at these angular positions were obtained in all rows in steady and 
pulsating flow. The Reynolds number, based on upstream velocity and Cquivalcnt 
cylinder diameter, ranged from Re = 1,608 to Re = 6,4303. ne frequency of the 
pulsations was 10 Hz and the relative amplitude ranged from A. = 0.0268 to AO = 
0.1524. 
The local Nusselt number distribution in all rows of the in-linc array with elliptic 
cylinders under steady conditions is shown in Figure 6.5. The Reynolds number 
based on the upstream bulk velocity was chosen to be Rc = 6,430, as for the 
asymmetric array. As previously stated, the 4 thermocouples allowed the temperature 
to be determined in only 4 positions along the instrumented cylinder surface. The 
corresponding Nusselt number profiles shown in Figure 6.5. wcrc therefore obtained 
by interpolation, assuming y-symmctry of the flow, and consequently, of the heat 
transfer field. Despite the small number of measurement locations the figure indicates 
3 Note that the corresponding Reynolds number based on the gap velocity is 7,845. 
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that the heat transfer rates are lower around the first row cylindcr and thcy increasc In 
subsequent rows. Rows 3 to 6 have similar Nu number distributions whilc the hcat 
transfer rates measured in row 2 are lower than those mcasurcd in downstrcam rows 
for T: 5 30* and higher for larger circumferential angles. 
The variation of the Nusselt number with Re for each measurement location around 
the first cylinder in steady flow is shown in Figure 6.6. The Reynolds number was 
varied in the range 1,608 < Re < 6,430. It is interesting to note that although the heat 
transfer rates decrease linearly with Re, as expected, the Nu number variation is 
significantly steeper at the front stagnation point, (P = 0% than at highcr 
circumferential angles (the equations of the linear data fits arc indicated in the 
figure). At (p = 0* the Nusselt number decreases by about 67 % in the Reynolds 
number range investigated. At 9= 25" the slope of the linear fit is slightly higher 
than that at (p = 1551 and (p = 180". From Re = 6,430 to Re = 1,608 the Nussclt 
number decreases by about 60 % at (p = 25*, (p = 155* and (p = 180*. This implies that 
the dependence of the Nusselt number on the Reynolds number is Icss pronounced 
for higher circumferential angles. Furthermore, the difference between the Nusselt 
numbers measured at different 9 angles decreases substantially with Re. The relative 
difference between the Nu numbers at (p = 0* and (p = 180" decreases from 83 % at 
Re = 6,430 to 73 % at Re = 1,608. This implies that the dependence of the Nussclt 
number on the circumferential angle becomes weaker at lower Re. 
Figures 6.7 shows the mean Nusselt number of the first cylinder at various Reynolds 
numbers in the in-line array in steady flow. The data wcrc obtained from those in 
Figure 6.6 by averaging the local Nusselt numbers at the measurement locations for 
each Re. The data were interpolated by both a linear and a power fit. ne 
corresponding equations are indicated in the figure. Note that, as indicated by the 
equation of the power fit of the steady flow data, the power index of the Reynolds 
number is equal to 0.5, in agreement with the data of other authors (the power index 
found in the literature vary from 0.5 to 0.6 for similar Reynolds numbers 
(Z ukauskas, 1972)). The mean Nussclt number varies from Nu. = 67.6 at Re = 6,430 
V 
to 35.7 at Re = 1,608. 
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The local Nusselt distribution arot; nd the first cylinder of the in-line array for various 
Re values is shown in Figure 6.8. It can be seen that by decreasing the Reynolds 
number, the dependence of the Nusselt number on Re becomes progressively weaker, 
particularly for ýp ý: 1551. Furthermore, at low Re the dependence of Nu on 9 Is 
reduced. Note that the difference between the Nusselt numbers measured at 9= 1551, 
and 9= 1800 is equal to ANu = 1.4 at Re = 1,608 and to ANu = 5.1 at Re = 6,430. 
The Nusselt number variation is significantly steeper at lower circumferential angles, 
ýo: 5 25*, and it increases with Re. At Re = 6,430, the difference between the Nusscit 
numbers measured at ýp = 00 and (p = 25* is approximately 37.2. 
Figure 6.9 shows a comparison between the Nusselt number distributions around the 
first cylinder in steady and pulsating flow Ud = 10 Hz) at two diffcrcnt Rcynolds 
numbers, 5,466 and 2,894, which correspond to the relative amplitude of pulsations 
AO of 0.036 and 0.15 respectively. The figure shows that, as a] rcady obscrvcd in the 
asymmetric array, the pulsations enhance the heat transfer, at least over part of the 
tube periphery. It is noticeable that, as for the asymmetric array, an incrcasc of the 
amplitude of pulsations corresponds to an increase in the heat transfer efficiency. 
Furthermore, this effect is more pronounced in the rear part of the cylinder, that is the 
Nu number increases with circumferential angle (p. Note that at Re = 5,466 the effect 
of pulsations can be noticed only for (p > 100*. At the lower Re. Re = 2,894, the Nu 
in pulsating flow is about II% higher than that in steady flow at the front stagnation 
point and 37 % at ýp = 180*. It is interesting to notice that the Nussclt number 
measured at the lower Re at the rear stagnation point in pulsating flow is as high as 
that measured in steady flow at the higher Re. 
Figure 6.10 shows a comparison of the local Nussclt number dependence on Re at 
different angular positions around the first elliptic cylinder of the in-linc array 
between steady and pulsating flow (fd = 10 Hz). The figure also gives the value of the 
relative amplitude of pulsations, A., at the various Reynolds numbers. It is interesting 
to notice that at the highest Re investigated, that is at the lowest A, ), no effect of 
pulsations can be observed at the front stagnation point and at (P = 25". Only a very 
small effect of pulsations can be instead seen downstream of the separation point, i. e. 
at (p = 1551 and (p = 180*, where the Nu number in pulsating flow is slightly higher 
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than that in steady flow. It should be noted that at 9= 00 and (p = 25" the Nu In 
pulsating flow number becomes higher than that in steady flow for Rc: 5 4,800 (Ao; *- 
0.042) and Re :54,500 (A. ý: 0.060). The heat transfer augmentation from stcady to 
pulsating flow increases with A0. At lower Re the pulsating flow Nu, Nu, 4. incrcascs 
progressively with A0. The heat transfer augmentation is slightly highcr at at the front 
stagnation point than at 25'. The effect of pulsations is morc cvidcnt, as aircady 
observed, in the rear part of the cylinder, ýp = 155' and (p = 180. 
The local Nusselt numbers recorded along the circumference of each row of the 
asymmetric array were averaged and the arithmetic mean value of the Nussclt 
number, Nu., was so obtained. The mean values are shown in Figure 6.11 in 
comparison with those obtained in the in-line array. Two curves arc shown for the in- 
line array: the first is obtained by averaging the local Nussclt numbers at the 
measurement points (9 = 0, (p = 25*, 9= 155* and (p = 180") and the other by 
averaging the Nu numbers obtained by sampling at each 20 the interpolation curves 
shown in Figure 6.5. The cubic shape of the profile of the mean Nussclt number, 
Num, against row depth in the asymmetric array shows that Nu. increases from the 
first to the fourth row and then decreases down to the sixth row. The Nuln in the in. 
line array instead increases from the first to the second and then it is fairly constant 
from the third to the sixth row, i. e. the entrance region is restricted to the first two 
rows. A similar trend was observed by Merker and Hanke (1986) for the shcll-side of 
tube banks having oval shaped cylinders, although the entrance region extended up to 
the third row. Note that the heat transfer of the in-linc array is considerably lower 
than that of the staggered array in agreement with the results of other authors for 
similar Reynolds numbers (2ukauskas, 1972). 
2ukauskas found that with an increase 
of Rc, the heat transfer of the in-line arrays increases more rapidly and at high Rc it 
approaches the heat transfer intensity of staggered arrays. 
4 NuP indicates the Nu number in pulsating flow as opposite to Nu,, %%. hich indicates the Nu number In 
steady flow. 
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6.4 Conclusions 
An experimental investigation was carried out on the hcat transfer over circular and 
elliptic cylinders of an asymmetric and in-line array rcspectivcly in both stcady and 
pulsating flow. 
The heat transfer rates in the asymmetric array in steady flow arc low around the first 
row cylinder and they increase in subsequent rows. Inner rows, i. e. rows 3 to 5, have 
similar Nu number distributions which implies that the entrance effects in the 
asymmetric arrangement are restricted to the first three rows only. The heat transfer 
rates at the exit of the bundle, that is row 6, are also similar to the rates mcasurcd in 
row 2. 
A local minimum in the Nusselt number profile around the first row was obscrvcd 
downstream of the separation point ((p =- 135*) which may be attributed to the 
prr, sence of a stagnant region downstream of the separation point. 7bc samc 
minimum was detected also around downstream rows, but at slightly different 
locations along the circumferential length. 
A comparison of the heat transfer rates between steady and pulsating flow clearly 
shows that the heat transfer is enhanced when the flow is pulsed. The now conditions 
adopted were such that vortex shedding was promoted and lockcd at the pulsation 
frequency. The augmentation of the heat transfer can be partly attributed to the 
increased turbulence levels in pulsating flow (see Chapter 4) and partly to the forced 
convection in the boundary layer introduced by the pulsations, particularly under 
lock-on conditions (Karamcrcan and Gainer, 1979). 
A comparison was made between Nup and Nu, at the front stagnation point of the 
staggered array. It was observed that as the Reynolds number decreases and 
correspondingly the relative amplitude of the upstream pulsations. A., incrc=s the 
Nusselt number in pulsating flow becomes progressively higher, by up to 40 % at Re 
= 2,251, than that in steady flow. 
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The local Nusselt number distribution in all rows of the in-line array with c1liptic 
cylinders shows, despite the small number of mcasurcmcnt locations, that the hcat 
transfer rates are low around the first row cylinder and they incrcasc in subscqucnt 
rows with. Rows 3 to 6 have similar Nu numbcr distributions whilc the hcat transfcr 
rates measured in row 2 are lower than those measured in downstrcam rows for T :5 
300 and higher for larger angles. 
The Nusselt number dependence on Re was also investigated. It was observed that 
that although the heat transfer rates increase linearly with Re the Nu number 
variation is significantly steeper at the front stagnation point than at higher 
circumferential angles of the cylinders and that the dependency of the Nussclt 
number on (p becomes weaker at lower Re. The heat transfer augmentation due to 
pulsations increases with the relative amplitude of pulsations A. as already observed 
in the asymmetric array. Finally, a comparison was made of the averaged local 
Nusselt numbers recorded in steady flow along the circumferential length between 
the asymmetric and the in-line array. It was found that the heat transfer of the in-line 
array is considerably lower than that of the staggerrd array in all rows, in agreemcnt 
with the results of earlier studies for similar Reynolds numbers. 
It may be concluded that the effect of pulsations on the heat transfer in tube bundles 
can be significant under certain circumstances. However. the mechanisms of heat 
transfer are not fully understood, as shown by the discrepancy in the data reported in 
the published literature (Cheng et al. 1997) and, although the present study has 
provided some insight as indicated earlier in this section, further work in this a= is 
clearly needed. 
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Figure 6.4. Comparison between the local Nusselt number in steady and pulsating 
flow (10 Hz) at the front stagnation point of the first cylinder at different amplitude 
of pulsations and dependence Nu-Reynolds number in steady flow in the asymmetric 
array. 
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Figure 6.6. Variation of local Nusselt number with Re around the first cylinder of 
the in-line array in steady flow. 
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Figure 6.9. Comparison of the distribution of the Nu number vs the circumferential 
angle, (p, around the first elliptic cylinder of the in-line array between steady and 
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CHAPTER 7 
Conclusions and Recommendations 
for Future Work 
7.1 Main findings 
The ob ective of the investigation presented in this thesis was to study in dclail the 
velocity characteristics of three unconventional tube bundles in cross flow. The study 
aimed to improve the understanding of the mean velocity, turbulence and hcat 
transfer characteristics of the cross-flow over tube bundles, and thus to hclp idcntify 
tube bundle configurations as well as the flow conditions which maximisc the hcat 
transfer and minimise fouling of the outer surface of the tubes. 
Ensemble-averaged and time-resolved velocity measurements were takcn using the 
laser Doppler anemometry (LDA) technique. Laser sheet flow visualisation was also 
employed to provide qualitative information on the flows under investigation. 
Surface temperature measurements in both the asymmetric test section with circular 
cylinders and the in-line one with c1liptic cylinders were taken using a thcrmocoupic 
measurement technique. All measurements were taken in both steady and pulsating 
flow. 
The tube bundle models investigated comprised an in-line arrangcmcnt with elliptic 
cylinders, an asymmetric arTangemcnt with circular cylinders and an in-linc 
arrangement with drop-shapcd cylinders. The in-linc arTangcmcnt with elliptic 
cylinders had pitch ratiosOf ST/2b = 5.5 and SLM=1.6, where 2b and 2a were the 
minor and major axes of the elliptic cross-section of the cylinders. I'lic axis ratio of 
the cylinders, b: a, was 1: 2. The elliptic cylinders had a major axis of 13 mm and a 
minor axis of 6.5 mm. These axes were choscn so that the circumferential length of 
the elliptic cylinders was the same as that of the circular ones employed in the 
asymmetric arrangement. The asymmetric arrangement, constructed by shifting the 
even rows in the in-line tube arrangement by one diameter in the positive transverse 
direction, had a longitudinal pitch ratio, S,. /d, of 2.1 and a transverse pitch ratio, 
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ST/d9 of 3.6. The circular cylinders were 10 mm in diameter. Finally, the in-line 
arrangement with drop-shaped tubes had a longitudinal pitch ratio, S1.1d", or 1.6 and 
a transverse pitch ratio, ST/dy, of 5.8, where d,, is the height of the drop-shapcd 
cylinders and dy the diameter of the bottom circular half of the cylinders. The drop- 
shaped cylinders were manufacturcd by joining half a cylinder with a parabolically- 
shaped one. The total cross-sectional longitudinal, d,,, and transversal lengths, dy, of 
the cylinders were 13.08 mm and 6.16 mm rcspcctivcly, the lattcr corresponding to 
the diameter of the semi-circular cylinder. 
The main findings of this experimental study can be summariscd as follows: 
> The results showed that the in-line tube bundle with elliptic cylindcrs gcncruics 
less turbulence than an equivalent (with the same longitudinal and transvcrsc 
spacing) in-linc array with circular tubes. The turbulence levels rcmain ncarly 
constant along the flow passages indicating negligible intcrfcrcncc bctwccn adjaccnt 
columns. The difference of the two r. m. s. components, u7U.. and v/U.. is ncar zcro 
over the whole flow domain indicating that the turbulence might be assumcd to bc 
highly isotropic. On the contrary, the turbulence in the wake rcgions of the in-linc 
arrangement with circular tubes was found to be highly anisotropic, especially 
downstream of the third and fourth rows (Balabani, 1996). 
> The investigation carried out on the flow around the asymmetric army with 
circular cylinders showed that the tube bundle configuration investigated gcncmtcs 
less turbulence than a staggered array (with the same longitudinal and transverse 
spacing) with circular tubes (Balabani. 1996). In the frcestream the strcamwisc 
turbulence increases in the downstream direction from its upstream value up to 
0.3U.. Values up to O. M. are instead recorded in the wake of the first row. In 
contrast to what was observed in the in-linc array with elliptic tubes, therefore. the 
interference between adjacent columns is not negligible. Ile turbulence is isotropic 
on the entrance of the bank (v'/u' = 1), but in the wak-cs of the downstream rows the 
anisotropy (I - v'lu') raises above 60 % with maximum values in the proximity of the 
downstream cylinders (80%), especially the third and fourth ones. This is in 
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agreement with the flow in the wake regions of the staggered an-ay that was found to 
be highly anisotropic, especially in the wake regions. 
> The experimental investigation on the in-line army with drop-shapcd cylindcrs 
indicated that differences of turbulence levels between the in-linc arrays with c1liptic 
and drop-shapcd cylinders respectively can be observed only in the cylindcr wakcs, 
particularly behind the first one. The magnitude of the r. m. s peak bchind the first 
elliptic cylinder is up to 75 % higher than that observed behind the drop-shapcd one. 
> Time resolved measurements in the in-line array with elliptic tubes showed 
evidence of a weak vortex shedding activity. The correspondent Strouhal number, 
defined by the gap velocity and the minor axis of the elliptic cylinders, 2b, was found 
to be equal to 0.11. The only significant effect of the pulsations on the turbulence of 
the flow was observed in the wake of the first cylinder. The occurrence of lock-on of 
the natural vortex shedding at half of the superimposed pulsation frequency was 
observed in all rows. Behind the first row, where no vortex shedding activity was 
observed in steady flow, the superimposed pulsations triggered the shedding of 
vortices and its frequency locked at half of the driving frequency. 
>A vortex shedding activity was detected in the asymmetric army with circular 
cylinders, but it is not as well defined as in the in-line array with elliptic cylinders 
respectively. The Strouhal number, defined by the gap velocity and the diameter of 
the circular cylinders, d, was found to be approximately equal to 0.22 in inner rows. 
The only significant effect of the pulsations on the turbulence of the flow was 
observed in the wake of the first cylinder. Lock-on of the natural vortex shedding at 
either the superimposed pulsation frequency or at half of it, depending on the relative 
amplitude of pulsations, was observed in all rows. Behind the first row. where no 
clear vortex shedding frequency could be determined (although, in contmst to what 
was observed in the in-line army with elliptic tubes, shed and convcctcd vortices 
could be clearly distinguished) the superimposed pulsations triggered the shedding of 
vortices and its frequency locked at the driving frequency or at half of it. 
>A vortex shedding activity could be observed bchind all mws of the in-linc 
array with drop-shaped tubes, but a well defined vortex shedding frequency was 
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detected only downstream of the second one. The Strouhal number was found to be 
equal to 0.16 in inner rows. The only significant effect of the pulsations on the 
turbulence of the flow was observed behind the first cylinder as in the in-line array 
with elliptic cylinders. Lock-on of the natural vortex shedding at either the 
superimposed pulsation frequency or at half of it depending on the rcduccd amplitude 
of pulsations upstream of the tube bundle was observed. 
> The flow visualisation showed the lack of any significant vortex activity behind 
the first row of the in-line array with elliptic cylinders, and confirmed the occurrence 
of lock-on of the natural vortex shedding at half of the superimposed pulsation 
frequency. The flow visualisation study in the asymmetric array also confirmed the 
findings of the LDA measurements and in particular the lack of a well-defined and 
unique vortex shedding frequency. Furthermore, it showed a weak vortex activity 
behind the first row, but also the presence of a region close to the cylinder wall, 
which is almost stagnant resembling only partially the wake characteristics of the 
first cylinder of the in-line array with elliptic tubes. In that case, the flow in the wake 
at the first row was entirely stagnant and was characterised by the absence of vortex 
activity. The flow visualisation study in the in-line array with drop-shapcd cylinders 
indicated the presence of an intense vortex activity even behind the first row, in 
contrast to what was observed in the in-line array with elliptic cylinders. 
> The heat transfer characteristics of both the in-line and the asymmetric array 
with elliptic and circular cylinders respectively were investigated in both steady and 
pulsating flow. The heat transfer rates in the asymmetric array in steady flow are low 
around the first row cylinder and they increase in subsequent rows. Inner rows, i. e. 
rows 3 to 5, have similar Nu number distributions which implies that the entrance 
effects in the asymmetric arrangement are restricted to the first three rows only. The 
heat transfer rates at the exit of the bundle, that is row 6, are also similar to the rates 
measured in row 2. 
>A local minimum in the Nusselt number profile around the first row was 
observed downstream of the separation point (ýp =- 135*) which may be attributed to 
the presence of a stagnant region downstream of the separation point. The same 
minimum was detected also around downstream rows, but at slightly different 
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locations along the circumferential length. A comparison of the hcat transfcr ratcs 
between steady and pulsating flow clearly shows that the hcat transfcr Is cnhanccd 
when the flow is pulsed. However, it should be notcd that the flow conditions 
adopted were such that vortex shedding was promotcd and lockcd at the pulsation 
frequency. A comparison was made between Nu. and Nu, at the front stagnation 
point of the staggered array. It was observed that as the Reynolds numbcr dccrcascs 
and correspondingly the relative amplitude of the upstrcarn pulsations, A,,, incrcascs 
the Nussclt number in pulsating flow becomcs progressively highcr, by up to 40 % at 
Re = 2,251, than that in steady flow. 
> The local Nusselt number distribution in all rows of the in-line array with 
elliptic cylinders shows, despite the small number of measurement locations, that the 
heat transfer rates arc low around the first row cylinder and they incmase in 
subsequent rows. Rows 3 to 6 have similar Nu number distributions while the hcat 
transfer rates measured in row 2 are lower than those mcasumd in downstmam rows 
for 9: 5 30* and higher for larger angles. The Nussclt number dependence on Re was 
also investigated. It was observed that that although the heat transfer rates increase 
linearly with Re the Nu number variation is significantly steeper at the front 
stagnation point than at higher circumferential angles of the cylinders and that the 
dependency of the Nusselt number on (p becomes weaker at lower Re. The heat 
transfer augmentation due to pulsations increases with the relative amplitude of 
pulsations A. as already observed in the asymmetric army. Finally, a comparison was 
made of the averaged local Nusselt numbers recorded in steady flow along the 
circumferential length between the asymmetric and the in-line array. It was found that 
the heat transfer of the in-line array is considerably lower than that of the staggered 
array in all rows, in agreement with the results of earlier studies for similar Reynolds 
numbers. 
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7.2 Recommendations for future work 
This thesis provides an extensive qualification of the flow fields generated by the 
novel tube bundles investigated in both steady and pulsating flow conditions as well 
as of the heat transfer characteristics of both the in-linc and the asymmetric array 
with elliptic and circular cylinders respectively. However, there arc some areas where 
further investigation is recommended in order to improve the understanding of tube 
bundle flows and heat transfer. 
0 Further development of fundamental studies of the flow and heat transfer over 
simple assemblies or single cylinders, particularly those of novel shape, will improve 
the understanding of more complicated tube bundle flows. 
0 The visualisation technique employed in this study providcd fine dctails of the 
flow in individual wakes. However, visualisation of the global flow pattcms, i. e. of 
the flow patterns in the array as a whole, was hindered by inhomogcncous lighting. 
Therefore, a more elaborated visualisation technique is rcquircd. Konstantinidis 
(2001) has suggested the use of multiple light or laser sources by means of mirrors. 
0 Surface temperature measurements around the elliptic cylinders of the in-linc 
array were obtained with four thermocouples embedded on the wall of an electrically 
heated cylinder. However, single-point thermocouple measurements require a large 
number of sensors to resolve the temperature distribution around the cylinder surface 
and can be lengthy and time-consuming. Therefore, a simple cost-effective method, 
which allows fast and accurate measurements, is needed. 
Finally, as also observed by Balabani (1996), larger scale models in 
conjunction with refractive index matching will facilitate near wall measurements to 
be taken. These measurements will provide detailed and useful information on the 
development of the boundary laycr. Furthermore, larger scale models arc preferred 
for flow visualisation, as the resolution would be improved. 
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